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ABSTRACT 
Questions about the effect of temperature on algal cell coagulation and the relationships 
between algae removal and temperature, alum dosage, paddle speed, flocculation time, and settling 
time are answered. The investigations consisted of two series of tests: Studies on algae cultured 
under laboratory control, and algae in wastewater stabilization ponds. The jar-test technique was 
used for the coagulation of algal suspensions by alum. 
Coagulation of algae is caused mainly by the insoluble floes of aluminum hydroxide. Other 
aluminum species also have coagulative properties but are far less effective. The destabilization of 
algal colloids results from enmeshment within the hydroxide precipitates, or by adsorption of 
coagulant species. Neutralization of the pH-dependent charges of algal cells is not necessary for 
coagulation, but does aid coagulation. 
Analyses of variance of the variables and their interactions showed significantly the effect of 
all variables and most of their interactions. Step-wise multiple regression technique was used for 
the development of mathematical models for the estimation of algal removal. 
Increased temperatures adversely affected the percentage removal of algal cells by alum 
coagulation. The effect of temperature on the removal of algae grown in the wastewater 
stabilization pond effluent was more pronounced than that found for the algae cultured in the 
laboratory. Alum was effective in removing algae from Logan wastewater stabilization ponds. 
However, high alum dosages are required which may not be justified economically. 
It also was found that at low concentrations of algal cells the straight line portion of the 
Langmuir isotherm describes the removal of algae with alum. 
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INTRODUCTION 
Nature of the Problem 
Natural waters 
Algae are unicellular or multicellular, au to trophic 
and/or heterotrophic protists (in surface waters algal 
populations undergo development, sometimes at an ex-
plosive rate especially during periods of warm weather). 
The green color of most species and their ability to form 
mats lowers the aesthetic value of the water. Some species 
of algae cause unpleasant taste and smells (slimy, earthy, 
or fishy) by releasing volatile oils during the growth phase 
and by decomposition upon rleath (Middlebrooks, 1965). 
Decomposition of dead algae will also deplete the dis-
solved oxygen supplies and result in adverse effects to fish 
and other aquatic life. There are some algae that release 
highly toxic substances which can cause the death of 
animals drinking waters containing these toxins (Fair and 
Geyer, 1954). 
As algae use carbon dioxide in photosynthetic 
activity, high pH conditions can result. In shallow water 
where algae are growing rapidly, pH values as high as 10 
have been reported (Sawyer and. McCarty, 1967). In 
addition to pH increases, alkalinity components change 
and carbonate and hydroxide alkalinity tend to predom-
inate. In waters with high concentrations of calcium, 
calcium carbonate will precipitate causing marl deposits in 
lakes. During the day and in the presence of light, algae 
utilize carbon dioxide resulting in a high pH value, while 
at night they produce carbon dioxide resulting in a 
decrease in pH. This fluctuation in pH affects the 
characteristics of water and can produce upsets in water 
treatment plants especially when coagulation is practiced. 
The presence of algae in surface waters creates many 
problems including the shortening of filter runs in water 
purification plants (especially slow sand filters), clogging 
of distribution pipes and other water conduits, and 
interference with industrial water users. Algal growth has 
been observed in condensers and other heat exchangers 
which impairs operation and reduces heat transfer effi-
ciency. 
Oxi~tion ponds 
Sewage ponds {lagoons) have been used for cen-
turies. It is a well-established law of nature that the longer 
a sewage contaminated body of water is held the greater 
the chance that natural oxidation will return the water to 
a higher quality. Lagoons have been used to treat raw 
sewage where favorable conditions (adequate land and 
normal temperatures) for such treatment exist. It is 
known that properly designed stabilization ponds will 
eventually become populated with bacteria and algae. 
Bacteria will oxidize the organic matter while algae 
through the process of photosynthesis will supply some of 
the oxygen needed for the aerobic process. 
In the past it has been assumed that wastewater 
stabilization pond effluents satisfied the essential waste 
treatment requirements. However, due to the growing 
awareness of the pollutional aspects of wastewater and the 
need to preserve the natural values of streams for fish, 
wildlife, recreation, water supply and general aesthetic 
considerations, higher levels of wastewater treatment must 
be provided. Stabilization ponds alone are not capable of 
providing this considerably higher degree of treatment. 
During low temperatures (winter days) treatment effic-
iency is low and prolonged storage during cold months is 
necessary. During high temperatures (summer days) the 
effluent will contain high concentrations of algae which 
will eventually be discharged to a stream or lake. The 
removal of algae from lagoon effluents prior to discharge 
is essential if lagoons are to be considered as an acceptable 
means of wastewater treatment. 
Benefits from Algae 
The protein content of the algal cell is relatively 
high and until recently little consideration had been given 
to the production of protein by harvesting algae grown 
in oxidation ponds. One of the first controlled studies to 
determine the feasibility of harvesting algae produced in 
wastewater oxidation ponds was conducted at the Uni-
versity of California at Berkeley (Oswald, 1962). This 
series of investigations attempted to define the growth 
kinetics of the algal populations, production capabilities, 
and methods of algal separation from the pond effluents. 
The normal operation of a wastewater oxidation 
pond does not permit maximum algal production. Shallow 
ponds with low detention times and sufficient nutrients 
are necessary to achieve an optimum algal growth. The 
process involved is primarily aerobic in contrast to the 
usual pond system which provides for the facultative 
decomposition of sewage organics. 
Table 1 shows the composition of sewage grown 
algae as reported by Hintz and Heitman (1967) which 
represents the mean results of four years of study. 
Table 1. Composition of sewage grown algae, after Hintz 
and Heitman (1966). 
Component 
Crude Protein 
Crude Fibre 
Ether Extract 
Ash 
Calcium 
Phosphorus 
Carotene 
Percentage of Dry Matter (:!SE)a 
50.93±0.65 
6. 20 ± o. 41 
6. 01 ± o. 41 
6. 24 ± o. 74 
1.93 ± 0.19 
2. 22 ± 0. 10 
221.4f.L g/1 ±59. 2 
asE is Standard Error. 
Oswald (1962) has compared the protein yield from 
a high rate wastewater oxidation pond to that of 
conventional agriculture. Soybean, the most prolific plant 
protein producer, yields up to one ton per year; whereas, 
Chiarella cultures have yielded an average of about 1 0 
tons of protein per year for a given area of land. On a dry 
weight basis the high rate pond may average yields of over 
20 tons per year; whereas, the best wheat crops produce 
only two and one-half tons per year. 
Mattoni et al. (1965) reported that algae are by far 
the most efficient protein producers of most crops. Table 
2 presents the theoretical maximum total dry weight and 
protein yields of three crops-soybeans, corn. and sugar 
cane compared to the estimated productivity of algae 
grown on domestic wastewater. 
Casey and Lubitz (1963) have listed several ad-
vantages in the use of algae as a food source compared to 
conventional foods. Besides the higher content of protein, 
the algae require only C02, light, water, and nutrients for 
metabolism. Algae have much higher light conversion 
efficiencies than do normal crops. Algae can grow in areas 
that are otherwise agriculturally useless and waste very 
little water during growth. 
Table 2. Yields per acre for various crops. 
Hintz et al. (1966) have fed sheep, cattle, and pigs 
sewage grown algae as a diet supplement. The alga genera 
were Chiarella and Scenedesmus depending upon the 
season of the year. It was shown that a higher weight gain 
resulted using alfalfa-algal pellets than when using alfalfa 
alone. The authors concluded that "algae mixed with 
alfalfa appear to offer considerable promise for ruminants 
grazing on low protein range forages ... it appears that 
algae have considerable potential as a livestock feed 
because of the high content of high quality protein plus 
significant amounts of carotene, phosphorus and cal-
cium." Hintz and Heitman (1967) found that algae grown 
on sewage act as a satisfactory protein supplement for 
pigs. If fed as a high proportion of the total diet, it was 
postulated that the algae interfere with Vitamin B12 
utilization because of their low digestibility. Grav and 
Klein (1957) reported on the feeding of sewage grown 
algae to young White Leghorn chicks. For different types 
of diets the research indicates the possibility of using 
sewage algae as food for chicks. 
Cook (1962) subjected a taste panel to various 
mixtures of sewage grown algae, oatmeal, cracked wheat, 
and nonfat dried milk. The mixtures were boiled for 30 
minutes and milk added in a cereal like fashion. The more 
palatable combinations contained 22 to 29 mg/100 gm of 
protein and compared well with nonfat milk in protein 
quality. Combinations of algae in oatmeal and whole-
wheat breads, muffins and peanut butter biscuits were 
palatable and their protein contents were below the cereal 
mixtures because of baking. 
Powell et al. (1961) studied the tolerance of algae 
by humans. They found that up to 100 gm per day were 
tolerated quite well. The taste, odor, and color were 
found to be disagreeable, but this was overcome by the 
volunteers as they became accustomed to the algae. 
Morimura and Tamiya (1954) prepared soups, 
noodles, bread and rolls, cookies, ice cream, and pow-
dered green tea using algae as an additive for the purposes 
Nitrogen Protein Dry Matter Yield Protein Crop Per Acre/ Year Yield Per 
-· 
Percentage Percentage lb. Acre (lb) 
Soybeans>!< 2. 6 16.25 12,230 1,987 
Corn>!< 1.2 7.50 2 6, 500 1,988 
Sugar Cane>!< • 285 1. 78 111,579 2,879 
Alg~e (mixed) 8. 19 51.20 100,000 51,200 
(Principally 
Scenedesmus) 
0. W. Willcox, 959, Footnote to Freedom from Want. Jour. Agr. Food Chem. 
7: 12. 
2 
of testing palatability and benefits of the products. Most 
additions were successful from the palatibility point. The 
addition of 3 5 gm of Chlorella powder to one cup of ice 
cream resulted in a lightly colored green ice cream with an 
increase of 30 percent in protein. The algae accentuated 
the flavor of ice cream. The protein content of the bread 
was increased by 20 percent and the fat content by 75 
percent and a considerable increase in Vitamins A and C 
through the addition of 56 gm of Chiarella powder to 852 
gm of white flour, 14 gm sugar, 27 gm salt, and yeast. The 
bread was greenish in color with an agreeable taste. 
Zaneveld (1959) reviewed the marine algae re-
sources of South and East Asia in which he emphasized 
the importance of this food to the future economy of a 
crowded world. From ancient times algae has been used as 
a food in these regions, particularly in Japan, the 
Philippines, China, and Hawaii. In the present century the 
marine algae industry has grown and prospered all over 
the hungry world. 
Waste Stabilization Ponds 
Domestic wastewater is a rich source of two 
essential algal nutrients, nitrogen and phosphorus, and 
discharge of these nutrients is in large part responsible for 
many of the problems associated with algae. Ordinarily 
primary and secondary wastewater treatment operations 
such as trickling fllters and activated sludges do not 
reduce adequately the concentrations of these algal 
nutrients before discharge to a receiving body of water. 
The utilization of algae as a means of removing nutrients 
from wastewater in wastewater stabilization ponds may be 
a promising biological method of nutrient removal (Bo-
gan, 1960). The presence of algae in wastewater stabiliza-
tion ponds is also desirable because they maintain aerobic 
conditions by producing oxygen by photosynthesis. 
Concentration, Dewatering, and Drying 
Algal Suspensions 
Golueke and Oswald (1965) divided the processing 
of algae grown in wastewater stabilization ponds into 
three steps: Initial concentration or removal, dewatering, 
and final drying. To increase initial concentration, flota-
tion techniques were investigated. Several flotation rer 
agents were tried but with limited success. It was 
concluded that the use of flotation agents was not 
economically feasible. An evaluation of a pilot scale of 
microstraining unit showed that even with reduced flow 
rates, slow rotational speeds and the addition of ftlter 
aids, few algae were removed from suspension. This was 
largely due to the size of openings in the screen. It was 
found that when opening size was reduced, a blocking 
effect was produced by the accumulated algae. 
An electrical field established with electrodes of 
copper, carbon, and aluminum spaced 1/8" to 1/2" apart 
removed very few algae when loaded at flow rates at 3 to 
3 
72 gal/cu. ft/hr. Very few algal cells migrated towards the 
electrodes although hydroxide floes were formed which 
resulted in eventual separation. 
Various types of vacuum filtration were investigated 
including, a Buchner funnel, an Oliver test filter leaf using 
various filter aid suspensions. Some success was obtained 
when filter aids were used, but vacuum filtration was not 
found to be an economical1y feasible approach for initial 
concentration. 
Certain types of centrifuges removed algae effi-
ciently but operating costs, capital expenditure, technical 
operating skill required, and the maintenance involved 
made the use of centrifuges uneconomical except under 
conditions where coagulating agents would not be per-
mitted in the algal product. In developing countries where 
algal harvesting offers the most promise as a useful source 
of protein, the cost of obtaining and maintaining a 
continuous centrifuge would be prohibitive. 
Cationic exchange resins appeared to change the 
algal surface charge upon passage through a column, but 
the resins quickly lost their capacity to agglomerate algal 
cells because of the large amount of algae in suspension. 
Approximately 0.17 lb. of algae could be precipitated per 
pound of sulphuric acid used to regenerate the column 
without excessive backwashing. At this rate of precipita-
tion, the economics rule out ion exchange columns on a 
large scale. 
Chemical precipitation was studied using both or-
ganic and inorganic reagents. A detailed review of the 
literature on the chemical precipitation of algae and 
lagoon effluents is presented in the following chapter. 
Gloueke and Oswald (I 965) concluded that the 
most promising methods of initial concentration of algae 
were chemical precipitation and centrifugation, although 
centrifugation would be a borderline operation due to 
power requirements and capitalization costs. 
Gravity filtration, vacuum filtration, and centrifu-
gation were studied by Gloueke and Oswald (1965) as a 
means of dewatering concentrated algae. A rotary vacuum 
filter proved to be ineffective as the algal layer was too 
thin to be recovered even with the use of a filter aid. 
Several types of ftlter fabric were tried; nylon, wood felt, 
canvas, paper backed with sponge rubber. The nylon was 
effective and durable, the wood felt fibers became en-
tangled in the algal cake, the canvas was waterproof and 
did not allow the passage of water, and all industrial filter 
paper proved to be satisfactory. Sand drying beds were 
also found to be successful, and it was found that a 
holding time of five to seven days was required to bring 
the moisture content to 15 to 20 percent. Upon evapora-
tion of moisture from the algae, water stored in the sand 
would be transferred to the algal layer by capillary action 
which accounts for the long drying period. A considerably 
reduced drying period at only eight hours was required for 
the algal slurry dewatered upon cotton cloth. 
Gloueke and Oswald (1965) obtained excellent de-
watering of the algal slurries using Tolhurst solid bowl, 
DeLaval, and Dorr-Oliver-Mecro bowl centrifuges. How-
ever, the use of a centrifuge in dewatering is subjected to 
the same restrictions imposed in the initial concentration 
process. It was suggested that the use of flash drying 
would avoid adverse effects of prolonged hours of heat on 
the algal quality. Rotary kilns were used; also spreading 
the dewatered algal slurry on the exterior of a drying 
drum was tried. The kiln method resulted in large balls of 
semi-dried algae, the interior of which was moist and foul 
smelling. The steam heated drum drier was quite success-
ful. It was concluded that chemical flocculation followed 
by cloth dewatering and air drying would result in an 
economical and feasible approach to full scale operation. 
Variables in Chemical Coagulation 
The theory of colloidals as well as the theory of 
chemical coagulation will be discussed in the next chapter. 
However, a representation of a number of variables which 
appear to affect chemical coagulation in general are shown 
in Figure 1. A number of these variables are obviously 
independent, nevertheless all have been shown to affect 
coagulation. 
The factors affecting the removal of algae by 
chemical precipitation will be the same as shown in Figure 
1 plus the variables that affect the settleability of the algal 
floes. Variables affecting settleability include: Duration of 
settling after coagulation, or detention time; temperature 
of the medium; size of the floes; shape of settling tank; 
and composition of the floes. 
Study Rationale and Objectives 
Although many investigators have studied most of 
the variables affecting chemical coagulation of turbidity in 
surface waters, many' questions have been left un-
answered. The influence of temperature on the coagula-
tion process has not been studied thoroughly and very 
little work has been performed in connection with 
chemical coagulation of algal cells. Algae are composed of 
organic matter which consists mostly of protein. Coagula-
tion of this type of material will involve mechanisms other 
than those occurring in the coagulation of clays such as 
kaolonite or natural silts. In all probability mechanisms 
will vary with the type of organic matter and with the 
genera of algae. 
The primary objective of this study was to identify 
and answer the questions arising from the effect of 
temperature on the chemical precipitation of algal cells. 
Coagulation of algae in natural waters and algae grown in 
wastewater stabilization ponds was studied. The influence 
of rapid or flash mixing, duration of flow mixing or 
flocculation, concentration of coagulant, and settling time 
were also evaluated. 
The specific objectives of the study may be sum-
marized as follows: 
1. 
2. 
3. 
4. 
5. 
6. 
To identify the effect of temperature on algae 
coagulation and to develop a relationship 
between algae removal and: 
a. Temperature and alum dose. 
b. Temperature and energy input. 
c. Temperature and flocculation time. 
To determine the effect of biological action 
during chemical coagulation of algae at high 
tern perature s. 
To determine the effect of temperature on 
settleability of algal floes. 
To develop a statistical model that will 
desqibe the relationship between tempera-
ture, algal removal, settling time, flocculation 
time and alum dosage. 
To determine the relationship between algal 
removal and algal concentration at different 
alum dosages and temperatures. 
To establish a statistical relationship between 
algal removal and turbidity, total organic 
carbon, and total phosphorus removals at 
10°C to 40°C. 
Variables Affecting Chemical Coagulation 
Mixing Coagulant 
1. Speed of flash mixing l. Valance of the 
2. Duration of flash 
mixing 2. 
3. Speed of flocculation 3. 
4. Duration of flocculation 4. 
5. Shape geometry of 
apparatus 
6. Methods of adding chem-
ical dose 
anion 
Specific anion 
Concentration 
Hydrolysis 
products 
Figure 1. Variables affecting chemical coagulation. 
Liquid Medium 
l. Temperature 
2. Chemical composition 
3. Alkalinity 
4. pH 
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Colloidal Particles 
(disperse phase) 
l. Surface charge 
2. Concentration of particles 
3. Chemical composition of 
particles 
4. Size and shape of particles 
LITERATURE REVIEW AND THEORY 
Historical Background of Coagulation 
The process of coagulation has been used for 
centuries by mankind to clarify drinking water. It is 
probable that the Narmali seed or "Clearing Nut" has 
been used for many centuries in the rural villages of 
Southern India and Ceylon, long before the more modern 
coagulant and synthetic polyelectrolytes came into com-
mercial use. During the early years, turbidity and organic 
color were the only impurities that had to be removed. 
The rise in the standard of living and the rapid urban 
development which started in the second half of this 
century has created a steady increase in water consump-
tion. The water supply industry was required to supply 
large quantities of water and at the same time to develop 
the techniques for maintaining high quality. The appear-
ance of a large variety of new substances in the raw water 
due to the advanced development of industries and 
agriculture intensified the problem of water treatment. 
In addition to the usual turbidity and color, it is 
now necessary to remove products such as surfectants, 
herbicides, pesticides, and a large number of organic and 
inorganic pollutants introduced by industrial processes. 
The coagulation process has been employed for almost a 
century as a preparatory step for removal of suspended 
impurities from waters. Except for disinfection, coagula-
tion still remains the most important method of water 
treatment, both in terms of volume of water treated and 
of chemicals used. In a modern water treatment plant, 
coagulation is part of an integrated system of several unit 
processes; however, many feel that as a single process, 
coagulation is by far the most important. Coagulation was 
originally considered merely as a preparatory step to 
subsequent separation operations, particularly sedimenta-
tion and ftltration. This was due to a lack of under-
standing of the chemical phenomena of coagulation and 
ftltration and the theories of colloidal stabilization and 
coagulation. 
The study of the chemistry of coagulation has 
provided considerable basic information which contri-
butes to a better understanding of the process. This 
und~rstanding is still not complete and its complexity still 
provides a major challenge. Among the dramatic develop-
ments of coagulation in recent years is the use of a 
completely new type of flocculation basin and the use of 
new coagulants such as the polyelectrolytes. The use of 
the polyelectrolytes as sole coagulants or as coagulant aids 
not only increases the efficiency of the removal of 
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turbidity and color, but may also be capable of removing 
some of the new pollutants not affected by conventional 
coagulants. 
Although coagulation has been practiced almost 
exclusively in water treatment, its application to waste-
water treatment has grown considerably in recent years 
with the requirement for nutrient control. The first 
attempt at wastewater treatment by chemical clarification 
was made in Paris in 1740 (Committee on Sewage 
Disposal, 1935). In the succeeding century, chemical 
treatment processes became established in England. Culp 
(1961) reported that in 1890 there were over 200 
wastewater plants using chemical treatment and many 
patented processes. Then the interest in chemical treat-
ment began to wane in England and grow in the United 
States. Streander (1938) reported that by 1937, there 
were over forty plants with chemical treatment in this 
country and many patented processes available. Due to 
chemical costs and sludge disposal problems, these pro-
cesses were largely replaced by biological treatment. New 
factors by 1960 had developed which caused a renewed 
interest in chemical coagulation. The use of high phos-
phate synthetic detergents has doubled the phosphate 
content of wastewater. This fact, plus population growth, 
had caused recognized eutrophication problems in many 
lakes which were attributed to phosphate fertilization 
(Convery, 1970). In addition, high levels of wastewater 
treatment were needed in many cases and thus, an 
increase in federal research resulted. 
The use of inorganic coagulants is popular in water 
treatment practice with aluminum sulfate and iron salts 
being the most used compounds. Aluminum sulfate has 
been and remains the most common coagulant for water 
purification. Consequently the iron salts have been restric-
ted to re.latively limited use and research investigation. 
Various reports have been located in the literature which 
describe coagulation by salts of iron, copper, barium, 
thorium, lanthanum, calcium, and magnesium. However, 
these have been found unsuitable for algal removal for 
food harvesting purposes. 
Considerable research work has been carried out in 
connection with water treatment, yet up to the present 
the research workers themselves have not agreed even to 
the basic mechanisms of coagulation. Reasons for this 
controversy are the diversity of the physical and chei:nical 
properties of the systems encountered in practice and 
worked with experimentally and the accompanying diffi-
culty of being able to explain a variety of experimental 
results with one theory, the extreme confusion over 
terminology, and finally the apparent preoccupation with 
the physiochemical aspects of the mechanism of destabili-
zation to the exclusion of, or without regard to the 
mechanism of aggregation. As a consequence of this 
disagreement, studies on the coagulation of natural waters 
have not yet extended beyond the qualitative jar test 
procedure. It would be desirable to improve experimental 
techniques, but until the process of coagulation is more 
fully understood, the jar test will be used for many more 
years. 
Terminology 
Care must be taken in the interpretation and 
understanding of exactly what is meant by terms such as 
"colloid," "colloid disperse system," "colloidal particles," 
"coagulation," and "flocculation." Strictly speaking, the 
word "colloid" is derived from the Greek which literally 
means "glue." However, not all colloidal systems are 
glue-like materials and the etymological derivation of the 
word is not sufficiently broad to cover modern usage. 
"Colloidal system," "colloid-disperse system," and 
"colloidal dispersion" are strictly correct terms referring 
to systems consisting of a homogeneous continuum in 
which kinetic units (which are large compared with simple 
small molecules) are dispersed. The kinetic units may be 
small solids, small gas bubbles, or small droplets of liquids 
while the homogeneous continuous phase may be a solid, 
a liquid, or a gas. A system of solid in liquid is called a 
"sol." It is generally understood that "colloidal particles" 
mean small particles (the kinetic units) of size range from 
1 micron to 1 millimicron. While the lower particle size 
limit is generally accepted, there is a difference of opinion 
on the upper size limit. O'Melia (1969) uses the upper 
limit of 10 microns and Jirgenson and Straumanis (1962) 
use an upper size limit of 0.1,u. However, Van Olphen 
(1962) stated that "The distinction between a sol and 
suspension is entirely arbitrary; there is no difference in 
principle." For practical purposes it is reasonable to place 
emphasis on particle settleability rather than on particle 
size alone. However, settleability is not easily identifed 
and is not infrequently referred to in loose, relative terms. 
Therefore, it is more correct to consider that particulate 
matter that is dispersed in liquid (such as water) and is not 
readily settleable produces a system with the character-
istics of a colloidal system. Such a system will require 
special treatment for the removal of the dispersed 
particles. 
There has been confusion in the literature over the 
meaning of "coagulation" and "flocculation" and efforts 
have been made to correct this. It should be recognized 
that in the overall process of coagulation-flocculation 
there is a cause and effect relationship. For reactions of 
the type encountered in water treatment practice, desta-
bilization and particle collision opportunity can be con-
sidered as the "cause." Aggregation of the destabilized, 
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colliding particles is then the "effect." Destabilization and 
(particle transport included) particle collisions are in-
dependent variables. Aggregation is thus the dependent 
variable. In the removal of colloidal matter both destabili-
zation (accompanied by chemical addition) and particle 
collision (accomplished primarily by mixing) must be 
provided. Destabilization is considered as the physico-
chemical change which accompanies the addition of 
chemicals. It is the action which allows particles to 
adhere, upon collision, with the tendency over and above 
that tendency in the absence of the added chemicals. 
Particle collisions, or rather particle collision opportuni-
ties, occur as a result of relative particle transport. This 
can be accomplished in a number of ways such as paddles, 
baffled basins, hydraulic jets and turbulence in pipes and 
channels. In this study the term "coagulation" is used to 
describe the overall process of particle aggregation which 
includes both particle destabilization and particle trans-
portation. However, the term "flocculation" is used to 
describe only the transport process (Weber, 1972). 
Studies Related to Algal Coagulation 
The coagulation of wastewater has been studied by 
various investigators. Shuckrow, Dawson, and Olesen 
(1971) have shown that chemical coagulation with alum 
and activated carbon of weak sewage (COD value 180 
mg/1) is practicable. Jar tests indicated good performance 
at a carbon dose of 600 mg/1, an alum dose of 200 mg/1 
and polyelectrolyte dose of 2-5 mg/1, all added simultane-
ously. Total chemical oxygen demand (COD) removal was 
greater than 90 percent. The turbidity of the clarifier 
effluent was seldom greater than one JTU. 
Buzzell and Sawyer (1967) found that lime treat-
ment of raw wastewaters could effect an 80 to 90 percent 
removal of P04 , 50 to 70 percent of BOD, and 99 percent 
of coliform bacteria. 
Karanik and Nemerow (1965) also studied the 
coagulation of raw sewage and found that when the 
optimum dosage of lime was 300 ppm, the results were as 
follows: The suspended solids in the raw sewage (ranging 
from 27 to 100 ppm) were reduced to an average of 3.7 
ppm to 94.5 percent; the phosphates in the raw sewage 
(averaging > 27.9 ppm) were reduced to 1.8 ppm, a 
decrease of greater than 93.5 percent; BOD reductions 
averaged 71.3 percent from an average untreated BOD of 
325 ppm to an avetage effluent of 101 ppm. The lime 
treated effluent stimulated the development of algal 
growth substantially less than equivalent volumes of 
untreated sewage. Lime was also effective in reducing 
blue-green algal growth in the effluent. 
Shindala and Stewart (1971) investigated the chemi-
cal treatment of stabilization pond effluents. Chemical 
coagulation was used as a post treatment process to 
remove algae and to improve the quality of the effluent of 
a stabilization pond. Alum, ferric chloride, and ferric 
sulfate were tested, and the degree of effectiveness was 
measured on the basis of reduction in BOD, COD, total 
phosphates, total nitrogen, coliform bacteria, and algal 
concentration. Also the researchers developed a mathe-
matical model relating the degree of effectiveness of 
phosphate removal to coagulant dosage. The experiment 
showed that alum produced the best removals of the 
coagulants studied. The alum dosage was varied from 0 to 
200 mg/1, the removal efficiencies of the characteristics 
measured increased rapidly with the increase of the alum 
dosage up to 100 mg/1. No appreciable increase in 
efficiencies was observed at dosages greater than 100 mg/1. 
At an alum dosage of 100 mg/1 the effluent 5-day BOD, 
COD, total phosphate, and total nitrogen content were 
equal to or less than 2.3, 32, 1.2, and 6.6 mg/1, 
respectively. These values compared favorably with those 
expected from tertiary treatment of biologically treated 
effluents. Also a reduction in the coliform bacteria count 
occurred within overall value of 5000 coliform/100 mg/1 
remaining in the coagulated flow. Tests were performed 
on filtered and unfiltered samples of pond effluents to 
estimate the algal contribution to BOD, COD, total 
phosphate, and total nitrogen. Results indicated that, on 
the average, algae contributed quite heavily (greater than 
50 percent) to the 5-day BOD, COD, and nitrogen. 
Ives (1956) reported the zeta potential of algal cells 
in fresh water reservoirs was found to vary from -7.6 mv 
for Aphanizamenan at a pH value of 8.0 to 11.6 mv for 
Asterianella at a pH of 8.2. The corresponding char~e 
densities were 1.17 and 3.49 electrostatic units/em , 
respectively. Although pH values were varied over a wide 
range, an isoelectric point was not established. It was felt 
that the ionized salts in the water were concentrated 
enough to mask any hydrogen action on the double layer. 
An effect was observed when these algal cells were 
suspended in distilled water. Chiarella exhibited a near 
isoelectric point at pH 7. Ives (1959) has shown that algal 
cells have a negative charge. The density was found to be a 
function of· the viscosity and dielectric constant of the 
disperse medium, temperature of the medium, and the 
concentration and valency of. the ionic species in the 
medium. Ives suggested that the removal of algae by 
chemical coagulation was due to a form of electrical 
precipitation. Ives also concluded that the effect of the 
potential on the algae while in the electrophoresis cell was 
negligible. Also, algal size has little effect on the zeta 
potential which was found to be lower for algae than on 
most particles of 20 to 50 microns in size. In coagulation, 
the floc quantity is determined by the charge density. The 
larger the cell size, the more floc is required for efficient 
coagulation. 
LaMer and Healy (1963) concluded that the zeta 
potential should not be reduced to zero prior to coagula-
tion. Ives (I 959) emphasized the necessity of charge 
neutrality by hydroxide floes; however, if this did not 
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occur, a blanketing of the surface by hydroxide would 
result and a reduction in bridging would ensue. 
Lukiewicz and Korohoda (1965) determined the 
changes of the electrokinetic potential of Chiarella cells 
during growth. Cell mobilities were determined for 
actively growing cells and for slowly growing cells. There 
was a distinct difference in the mobilities between these 
stages of growth. The younger actively growing cells were 
measured as 2.3 p. /sec/volt/em and the slowly growing 
cells had mobilities of about 1.7 p. /sec/volt/em. They 
found that there was a decline in mobility which 
approached a linear relationship with time. When the 
mother cell broke and the daughter cells were released a 
rapid increase in mobility of the daughter cells over the 
mother cell was observed. They determined that the 
decrease in electrophoretic mobility was not directly 
dependent on any photochemical reactions. The cells of 
the actively growing cells were kept in darkness for 1 0 
days and the mobilities remained constant. The cells were 
not growing during this period, which led to the con-
clusion that the change of electrophoretic mobility with 
aging was due to some changes in the structure or 
composition of the cell surface. They treated the algae 
with formaldehyde which resulted in the elimination of 
the positive groups of the cell surface and caused an 
increase in the net negative mobility. The mobility of 
actively growing cells were increased to a much greater 
extent than those of the slowly growing cells. It was 
concluded that the growth period was accompanied by a 
decline in both the negative and positive charge densities, 
the reduction in negative densities outweighing the posi-
tive. This was due to the alterations in both the protein 
and polysaccharide components at the cell walls during 
the life cycles. 
O'Melia and Stumm (1968) have shown that pH, 
time of flocculation, and the anion concentration has an 
effect on the flocculation process. Tenny (1968) has 
shown that within the pH range of 2 to 4, algal 
flocculation was effective when using a constant concen-
tration of a cationic polyelectrolyte (1 0 mg/1 of Purifloc, 
C-31).1 
Golueke and Oswald (1970) conducted a series of 
experiments to investigate the relationship of hydrogen 
ion concentration to algal cell flocculation. In this study 
only sulfuric acid of 0.02 N to 1 N was used to lower the 
pH to levels as low as 0.5. They found that flocculation 
was most extensive at a pH value of 3 for an algal 
concentration of 110 mg/1. When the concentration of 
algal cells was increased from 110 mg/1 to 250 mg/1 a 
sharper response in terms of tendency of the cells to 
aggregate was observed. Unlike Scenedesmus, Chiarella 
showed no tendency to aggregate when resuspended in the 
medium in which it was grown regardless of pH level. 
They also found that the addition of 4 millmoles of Na as 
loow Chemical Company, Midland, Michigan. 
NaCl, Ca as CaC12 , or Mg as MgC12 had no effect on the 
tendency to aggregate at any given level of pH. They 
included that "aggregation was probably a result of a 
combination of surface charge phenomena and change in 
physiological nature of the cell membrane." Golueke and 
Oswald (1968) found that by lowering the pH to a 
constant value of 3, algal removal was about 80 to 90 
percent. Also they reported that algal removal efficiencies 
were not affected in the pH range of 6 to 10 by cationic 
polyelectrolyte. 
The California Department of Water Resources 
(1971) reported that of 60 polyelectrolytes tested, 17 
compounds were effective in coagulation of algae and 
were economically effective when compared with mineral 
coagulation used alone. Generally less than 10 mg/1 of the 
polyelectrolytes were required for effective coagulation. A 
daily addition of 1 mg/1 of ferric chloride to the algal 
growth pond resulted in significant reductions in the 
required amounts of both organic and inorganic coagu-
lants. No explanation for this phenomenon was given. 
McGarry (1970) has studied the coagulation of algae 
in wastewater stabilization pond effluents. He reported 
the results of a complete factorially designed experiment 
utilizing the common "jar test." Tests were performed to 
determine the economic feasibility of using polyelectro-
lytes as primary coagulants alone or in combination with 
alum. He also investigated some of the independent 
variables which affected the flocculation process such as: 
concentration of alum, flocculation turbulence, concen-
tration of polyelectrolyte, pH after the addition of 
coagulants, chemical dispersal conditions, and high rate 
pond suspension characteristics. Alum was found to be 
effective for coagulation of algae from high rate oxidation 
pond effluents and the polyelectrolytes used did not 
reduce the overall costs of algal removal. The minimum 
cost per unit algal removal was obtained with alum alone 
(75 to 100 mg/1). Most of the main effects were those of 
alum and polyelectrolyte concentrations. Time of poly-
electrolyte addition had no significant effect; however, 
more important interactions were those between alum and 
polyelectrolyte concentrations, between time of poly-
electrolyte addition and alum concentration, and between 
time of polyelectrolyte addition and polyelectrolyte 
concentration. Cationic polyelectrolytes were found more 
effective with alum than anionic polyelectrolytes. It was 
also found that the optimum of slow mixing is similar to 
the fast mixing which was 135 rpm. The use of cationic 
polyelectrolytes formed relatively stronger floes capable 
of formation under high turbulence conditions. 
Lin, Evans, and Beuscher (1971) studied the re-
moval of algae· in natural waters by coagulation with alum 
using the jar test technique. An overall algal removal in 
excess of 85 percent was achieved at alum dosage of 30 
mg/1. Some types of algae such as the green algae, 
Scenedesmus and Ankistrodesmus, as well as the boat-
shaped Navicula and the filamentous free-floating 
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Aphanizomenon required higher doses for removal. It was 
found that the most persistent species was Euglena. A 
mathematical model derived from multiple regression 
techniques was established between algal or turbidity 
removal and alum dosage. It was found that coagulant 
requirements for algae and turbidity were similar although 
the computed optimum dosage for the removal of each 
was not the same. They reported that the most significant 
variables affecting the removal of algae by coagulation 
were alum dosage, the initial algae concentration, and the 
shape and size of the genera encountered. For plant design 
and operation they suggested identification of the pre-
dominant species of the troublesome algae. 
Folkman and Wachs (1973) investigated the removal 
of algae from wastewater stabilization pond effluents by 
magnesium hydroxide and lime treatment. The investiga-
tion was carried out in a "jar test" apparatus, with 100 
rpm of rapid mixing for two minutes, 30 rpm of slow 
mixing for 30 minutes and settling for one hour. Three 
species of algae were studied; Chlorella grown in test tubes 
with sterile nutrients, a mixture of Chlorella and Euglena 
obtained by centrifugation of wastewater stabilization 
pond effluents, and Scenedesmus obtained from a stabi-
lization pond model specially built for this research. 
During the initial part of the investigation, magnesium 
hydroxide was used as coagulant. Mg(OHh was obtained 
by the addition of magnesium chloride (MgC12) to algal 
suspension and the pH was raised with NaOH to an 
average value of 10.8 at which level nearly all the 
magnesium was converted to precipitable hydroxide com-
plexes. With a pH value of 10.9 and magnesium dosage of 
6 mg/1 as magnesium for Scenedesmus, about 8 mg/1 for 
Chlorella and 14-17 mg/1 for the Chlorella-Euglena mix-
ture, 95 percent removal of the turbidity was obtained 
with a IS-minute settling period and complete clarifica-
tion was obtained in one hour. It was found that the 
higher the COD of the algal suspension, the higher was the 
magnesium dosage required for good removal of algae. 
They concluded that tlocculation by magnesium hydrox-
ide was dependent on a high pH (above 10.5 and 
approximately 11.0) and on genera of the algae rather 
than concentration. Folkman and Wachs (1973) also 
investigated the use of lime as a coagulant in the form of 
calcium oxide (CaO). A lime dosage of 700 mg/1, which 
raised the pH to 10.8, resulted in removal of all the algae 
and reduced the dissolved COD from 520 mg/1 to about 
60 mg/1. This was true for all genera of algae mentioned 
above. 
Speedy, Fisher, and McDonald {1969) investigated 
the effectiveness of various prototype unit processes in a 
water treatment plant in removing algae from a raw water 
supply. It was concluded that the use of alum as a 
coagulant is moderately effective in algal removal. How-
ever, the use of lime as a coagulant appeared to be more 
efficient. They also found that the different processes in 
the treatment operation removed different genera of algae 
at different rates. 
Van Vuuren and Van Duuren {1965) reported on 
the removal of algae from the Pretoria {South Africa) 
wastewater maturation pond effluent. Chemical coagula-
tion with either alum or excess lime applied to algae-laden 
pond effluent yielded an acceptably clear and colorless 
water. It was also observed that all polyelectrolyte 
coagulant aids at varying concentrations, tested in con-
junction with lime or alum, failed to improve results. The 
addition of activated silica as a coagulant aid with the 
alum as coagulant resulted in a stable algae blanket at the 
water surface which facilitated mechanical removal. 
In summary, the review of the literature shows that: 
{1) References to algal coagulation are limited, (2) many 
variables which have been well studied in the removal of 
turbidity from natural water due to clay and silt have not 
been well defined with algae, {3) variables such as 
temperature, settling time, flocculation time, and paddle 
speed, and the interaction between these variables is 
unknown, (4) the mechanisms of chemical coagulation of 
algal cells is not well defined, {5) algal cells have negative, 
pH-dependent surface charges which differ from genera tv 
genera and species to species, ( 6) coagulation of algae 
depends on algae genera and the most resistant to 
coagulation was reported to be Euglena, (7) chemical 
precipitation is one of the most promising methods for 
algal removal, {8) aluminum sulfate (alum) coagulation of 
the algal cells from suspension especially if the algae is 
intended to be used as a source of food, (9) the use of 
polyelectrolytes in conjunction with alum is not 
economically justified. 
Theory of Colloidal Stabilization 
General 
In water treatment sols formed of clay and other 
small particles in the water are commonly encountered 
and the mixture is a colloidal dispersed system. In 
wastewater, .colloids consist of volatile suspended solids 
which usually are composed of microorganisms and 
organic matter. In wastewater stabilization pond effluents 
the colloids are predominantly bacteria, organic matter, 
and algae. In a sol (and in dispersions of somewhat larger 
particles), the particles are constantly in motion. This 
motion is erratic and unpredictable which results in 
unpredictable forms of bombardment of suspended 
particles by the molecules of the water. Since the size of 
the water molecules is uniform and their velocity is 
constant under constant temperature, the smaller the size 
of the suspended particles the more violent will be their 
motion. This motion is known as Brownian Movement 
and can be observed clearly under the ultramicroscope. As 
the suspended particles collide with each other as a result 
of Brownian motion an agglomeration of several particles 
may take place and after sufficient time has elapsed, a 
clump of particles may become sufficiently large to settle 
by gravity. This kind of spontaneous change is known as 
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"aging" and results in the sol becoming unstable. If aging 
is extremely slow or absent the sol is referred to as stable. 
It has been shown that an electric charge is present 
on the particle in a sol. This may be demonstrated by 
applying an electric field across a sol and observing the 
movement of the particles toward one of the electrodes 
with a special microscope. Clay particles, bacteria and 
algal suspensions will move toward the cathode which 
indicates a negatively charged particle. The phenomenon 
is called electrophoresis and its magnitude is measured in 
terms of particle velocity, applied voltage, and electrode 
spacing. 
Source of charges 
The charge on the surface of clay particles is two 
types: (I)The permanent charge which is a negative charge 
produced by isomorphus substitution in either the silicon 
tetrahedral or aluminum octahedral sheets of the clay 
minerals (Kaufman, 1951 ), {2) the pH-dependent charge, 
caused by the dissociation of Si-OH and Al-OH groups 
from crystal edges. In the case of kaolinite particles the 
edges are chemically active relative to the basal planes of 
the clay minerals. For pure clay system made of kaolinite, 
the pH-dependent charge constitutes about 50 percent of 
the total charge of the particles. 
The charge on organic matter is pH-dependent and 
is generally not· produced by adsorption of ions, but 
rather by ionization of ionogenic groups such as car-
boxylic, aliphatic, and aromatic hydroxyl, sulfato, phos-
phato, and amino groups which attach to the particle 
{Stumm and Morgan, 1962). 
Diffuse double layer (DDL) 
The diffuse double layer has been described (Van 
Olphen, 1962) as consisting of two layers with the inner 
layer bound to the surface of the colloid particles, and the 
outer associated with the dispersion medium. The outer 
layer has an opposite sign and is composed of counterions 
congregated in the liquid adjacent to the surface of the 
colloid particle. Two forces interact with the counterions 
in the diffuse double layer, electrostatic attraction draws 
them to the charged surface for maintenance of electro-
neutrality; whereas, thermal energy (diffusion) tends to 
equalize the concentration of ions throughout the system 
and draws the counterions back to the bulk solution. This 
results in a high concentration of counterions adjacent to 
the colloid particle surface with a rapidly decreasing 
concentration as the distance from the particle surface 
increases. The counterions layer is also known as the 
diffuse or Gouy layer. In fact the diffuse layer is not 
necessarily restricted to ions with charges of counterions, 
but rather contains some ions of different charge. How-
ever, the counterions charge is predominant. Figure 2 
shows the diffuse layer of a negatively charged particle 
with constant surface potential (Van Olphen, 1962). Near 
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Figure 2. Ion concentration in the diffuse double layer 
of a negatively charged particle with constant 
surface potential (after Van Olphen, 1962). 
the surface of the particle the concentration of the 
positive ions is represented by OP, while the negative ions 
concentration is represented by ON. As the distance 
increases from the particle surface, the concentration of 
negative ions increases and that of positive ions decreases 
until equilibrium is reached. The thickness of the diffuse 
layer was formulated by Gouy in 1910 (Jirgenson and 
Straumanis, 1962). Jirgenson and Straumanis (1962) 
presented a modification of Gouy's formulation which 
states that: 
in which 
d 
D 
R 
T 
N 
e 
I 
d 
is the thickness of the diffuse layer 
is the dielectric constant 
is the gas constant 
is the absolute temperature 
is the Avogadro;s number 
is the electric charge 
is the ionic strength 
The above equation shows that the decay or 
decrease of potential with distance from the surface is 
exponential and depends on the distance d. Also, it is 
obvious that the thickness is inversely proportional to the 
square root of the ionic strength and directly proportional 
to the square root of the absolute temperature. 
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To determine the surface electric potential of a 
colloid particle Van Olphen (1962) arranged the Nemst 
equation as follows: 
¢: = KT ln C 
o Ve C 0 
in which 
C/> 0 is the electric potential at the surface of the 
colloid particle 
K is the Bol tzman constant 
V is the valence of the potential determining ion 
T is the absolute temperature 
e is the electric charge 
C is the concentration of potential determining 
ions in solution 
C0 concentration of potential determining ions at 
the zero point of charge. 
The electrical potential has a maximum value at the 
surface and decreases with increasing distance from the 
surface. This decrease is nearly exponential. 
The Gouy and Nernst equations are of limited use 
because of the difficulty associated with determining 
values for the various components. To overcome some of 
this difficulty, the diffuse layer is assumed to consist of 
two layers. The ionic layer is attached strongly to the 
solid surface. Since the position of the counterions is 
fixed relative to the particle surface, this inner layer is 
called the fixed layer. The layer between the fixed and the 
bulk solution is referred to as the diffuse layer. These two 
layers are called the diffuse double layer to which 
considerable attention has been given. 
Gouy suggested that the distribution of the counter-
ions was exponential through the diffused double layer 
with the counterions concentration decreasing as the 
distance from the charged particle surface increases 
(Jurinak, 1973). Stem in 1924 (Rich, 1963; Riddick, 
1961; Jurinak, 1973) considered the counterions divided 
between a diffuse layer at a point charge and an immobile 
surface layer at some thickness which can contain a 
certain maximum number of counterions per unit area at 
the surface. The layer of specifically adsorbed counterions 
immediately adjacent to the surface is referred to as the 
Stern Layer. A Langmuir type adsorption equilibrium was 
assumed to exist between ions in the solution and those in 
the Stern Layer. Stern described this region as a "molec-
ular condenser" formed between the surface charge and 
the charge in the plane at the center of the closest 
counterions. The surface potential drops linearly with 
distance across the Stern Layer. 
Zeta potential 
The magnitude of the surface potential of colloidal 
particles are often obtained from the electrokinetic data. 
The relative motion of a charged surface with respect to 
the bulk solution is called the electrokinetic phenomena. 
A separation of the diffused layer is caused, when an 
external electric force is applied, into two parts a "ftxed" 
or "bound" counterions adjacent to the surface and 
"free" adjacent to bulk solution. The plane of separation 
of the diffused layer into "bound" and "free" com-
ponents is called the plane of shear. The electric surface 
potential which exists in the double diffuse layer at the 
plane at shear is called the zeta potential. 
Figure 3 shows a negatively charged particle with its 
"bound" layer and "free" layer together with the location 
of the shear plane. Figure 4 shows the variation of 
electrostatic potential with varying distance from the 
surface of the particle. 
Zeta potential is important in water and wastewater 
treatment because it is subject to experimental determina-
tion, though its value is limited by the fact that it 
represents a potential of an unknown distance from the 
surface. The zeta potential is not a phase boundary 
potential since it is developed wholly within the fluid 
region. When an electric fteld is applied across a sol, an 
electrophoretic mobility of the particle results. Under 
such conditions there will be a movement of particles 
towards one electrode and of counterions toward the 
other electrode. Apparatus to measure zeta potential 
include: electrophoresis, electroosmosis, and streaming 
potential. The most used one is that used for measure-
ment of electrophoretic mobility which consists of an 
electrophoresis cell with the sol and an ultra microscope 
with which images of the moving particles may be seen. 
The electrophoresis cell is equipped with platinum elec-
trodes connected to a source of variable voltage. A 
microscope light, stopwatch, and counting apparatus are 
necessary ~quipment. The arrangement of the electro-
phoresis apparatus has been described by Briggs (1940) 
and by Riddick (1961). Operation of the apparatus has 
been reported by Bean, Campbell, and Aspach (1964), 
Riddick (1961), and Black and Smith (1962). The zeta 
potential is calculated by measuring the velocity under 
controlled conditions of known voltage, viscosity, and 
dielectric strength of the disperse medium. 
When the particles move, a shearing plane must be 
established somewhere in the diffuse double layer be-
tween the surface of the colloid particle and the bulk 
solution. In the case of hydrophobic colloids the shear 
plane is generally considered to be coincident with the 
plane between the ftxed and diffuse layers. However, 
Packham (1962) concluded that the plane of shear is just 
outside the counterion layer or ftxed layer. For hydro-
philes the plane of shear is considered to be well beyond 
the fixed layer in the diffuse layer. 
· The common equation of zeta potential is given in a 
number of text books as well as publications. Degremont 
(I 973) gives the equation for zeta potential as follows: 
z ~ D 
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in which 
Tl 
D 
z 
K 
is the viscosity in poises of the solution 
is the dielectric constant of the medium 
is the mobility of the particle in micro-
seconds/volt/ em 
is the zeta potential expressed in mv 
is a factor depending on the relative values of 
the particle diameter and the thickness of the 
double layer. K may have a value of 4 llfor 
relatively large particle and a value of 6 n for 
small particle and roughly spherical. 
Bean, Campbell, and Aspach (1964) observed that the 
normal ranges of zeta potential for colloidal particles in 
raw water supplies is between -15 mv and -25 mv. 
Theoretically these must be reduced to ± 5 mv before 
agglomeration and settlement can take place. A study of 
the zeta potential of bacteria was carried out resulting in a 
range of -27 mv to -71 mv with a mean value of -50 mv. 
Ives (1956) reported that for Chiarella at pH 7.0 to 9.0 
the zeta potential was -7.6 mv which was increased to -14 
mv at a pH of 3.0 and 11.0. Folkman (1973) reported 
that the maximum zeta potential for Chiarella was -29 mv 
and for Scenedesmus was -21 mv at a pH value of 10.0. 
It is concluded that one of the main factors in the 
stability of a colloidal system is attributed to the presence 
of the electrostatic charges in the double diffuse layer. 
When the charge is relatively high the forces of repulsion 
will prevent the dumping of particles and spontaneous 
aging of the system. Reduction of the charge is, therefore, 
necessary to promote coagulation of the colloidal particles 
and evidence of charge reduction is a reduced electro-
phoretic mobility. Besides the forces of repulsion there 
are forces of attraction. These forces are known as 
London-Van der Waal's forces which exist between atoms. 
The magnitudes of these forces are small and diminish 
very rapidly with distance for a pair of atoms. They are, 
however, additive for a pair of atoms and, for a pair of 
colloidal particles each of which contains a substantial 
number of atoms, the total attractive force will be the 
sum of all attractive forces between atoms in one particle 
plus all of the attractive forces between atoms in the other 
particle. These attractive forces are unchanged by a 
change of the electrolyte concentration. Figure 5 shows 
the attractive forces, repulsion forces, and their resultant. 
Hydrophilic and hydrophobic characteristics 
There are two major groups of colloidal systems, the 
lyphobic, where the dispersed phase has a low affinity for 
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Figure 5. Potential energy at negatively charged particle 
surface. 
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the dispersion medium and lyphilic, where the dispersed 
phase has a high affinity for its containing medium 
(Kaufman, 1951). 
Hydrophobic colloids are particulate matter such as 
clay, fiber, or dirt which are held in suspension by charge 
repulsion as explained. Such colloids in wastewater 
stabilization pond effluents are negatively charged and can 
be coagulated with positively charged electrolytes by 
lowering the zeta potential to a value less than the energy 
barrier (Figure 5). 
Hydrophilic colloids are found in wastewater and 
are large molecular weight water soluble molecules such as 
starch, gelatin, soap, albumin. etc. The stability of the 
hydrophilic colloid depends on their affinity for the 
solvent rather than upon the slight charge (usually 
negative) that they possess. Coagulation of hydrophilic 
colloids are more difficult than that of the hydrophobic 
colloids. It should be emphasized that no sharp line of 
demarcation exists between these two groups as all sols 
exhibit varying degrees of solution affinity for the solvent. 
Theory of Coagulation and Flocculation 
General 
Interest in flocculation theories stems from practical 
consideration in the design and operation of water 
clarification systems. Literature on flocculation theories 
are scattered throughout the technical journals of the past 
50 years or so. The amount of original work and the 
overall progress achieved during that period are not 
impressive considering the practical importance of the 
process in water treatment as well as in wastewater 
treatment. Most of the theoretical work has been on 
determining the frequency of collision between the 
colloidal particles in highly idealized conditions with 
limited attention given to the flocculations encountered in 
natural water clarification or the complex turbulence in 
the stirred flocculation basins. Flocculation can be 
described as perikinetic or orthokinetic, depending upon 
whether Brownian Motion or velocity gradients within the 
fluid are the factors causing the collision of colloidal 
particles (Harris and Kaufman, 1966). 
Perikinetic coagulation 
With the formation of positively charged colloids of 
ferric or alum hydrous. oxides (or other coagulants), a 
mutual coagulation occurs between the colloidal particles 
of the impurities and the precipitate formed by hydrol-
ysis. The initial phase of coagulation involving the 
hydrolysis of coagulant crystallization, compensation of 
the negative charge of the colloidal, impurities in water 
and consequent mutual coagulation of destabilized 
colloids, end with the formation of microflocs. This initial 
phase of coagulation is usually referred to as perikinetic 
coagulation. Perikinetic coagulation occur~ relatively 
quickly and the process is almost completed in the time 
required for thorough mixing of the coagulant with the 
treated water or wastewater. The theory of perikinetic 
coagulatiOn was first presented by Smoluchowski in 1916 
and reiterated by Harris and Kaufman (1966). Smolu-
chowskt derived an expression for the collision frequency: 
J.. 4IT d .. R .. n.n. 
1J 1J 1J 1 J 
in which 
J. is the collision frequency ~j is the mutual collision radius 
t1j_ and nj are the present concentration particle i and 
j 
~ is the diffusion coefficient 
Overbeck {1952) has derived an equation for the 
rate of change of the total number of particles: 
dN = _ KN2 
dt 
m which K, the theoretical rate constant, is equal to 
8IH1 R1 . In this equation it was assumed that the particles 
are of equal size. The equation shows that the rate of 
parttcle decrease (aggregation) is a second-order reaction 
with respect to particle concentration. 
For a batch process Harris and Kaufman (1966) 
developed the following equation for perikinetic coagula-
tion based on Smoluchowski's theory: 
m which 
N 
n 
D 
R 
n 
N ::. 1 +4IlDRnt 
n 
1 +t/T 
~ [J DRn. the coagulation time or time in 
which the number of particles is reduced by 
half 
ts the total number of particles per unit 
volume 
is the initial number of particles per unit 
volume 
is the diffusion constant of the particles 
is the distance between the centers of two 
particles at which a lasting contact is formed 
is the time of rapid flocculation. 
The magnitude of Brownian motion decreases as the 
particle radii increases, and the rate of aggregation by this 
mechanism decreases as the particle size increases. Since 
the objective in water and wastewater treatment is to 
produce settleable particles; therefore, the perikinetic 
contnbution to aggregation in water and wastewater 
treatments can be neglected without serious error (Over-
beck, 1952). 
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Orthokinetic flocculation 
Orthokinetic theory, which was first mtroduced by 
~muluchowski in 1918, is frequently used to explain the 
second phase of coagulation. The size of the initial 
aggregation of particles produced in the perikinetic phase 
of coagulation is caused by Brownian motion which brings 
the interacting particles close together. The situation 
changes, however. when the microflocs that are formed in 
the perikinetic coagulatwn reach a size at which the 
influence of the Brownian motion has little or no effect 
(the size of the particles in transition is approximately a 
few microns). The further aggregation of these microflocs 
depends un mutual collision of those particles induced by 
the velocity gradient in the fluid. When fluid is stirred. 
velocity gradients exist. This relative movement of ad-
jacent layers within the fluid gives rise to the collision of 
small particles contained therein. Aggregation resulting 
from such collisions has been termed orthokinetic floc-
culation. 
Since M. Von Smoluchowski first developed the 
theory for orthokinetic flocculation. many investigators 
have attempted to expand on his work (Harris and 
Kaufman. 1966; Camp. 1968; and Hemenway and 
Keshavan. 1968). The original form of Smoluchowski's 
form of equation is· 
4 3 du 
J.. -3 N. N. (R .. ) dz (1) 1J 1 J 1J . . . 
in which 
Jij is the frequency of collision between the 
i-fold and j-fold particles 
N"i and Nj are the number of i-fold and j-fold 
particles per unit volume of fluid 
R is the distance between particle centers at 
which lasting contact is formed 
du/dz ts the velocity gradient. 
The above equation as written predicts the collision 
frequency for two sizes of particles. 
Camp (1968) published an equation characterizing 
the flocculation process: 
N i G n 1 n 2 (d1 +d2 )3 ......... (2) 
in which 
N is the number of collisions per unit volume of 
liquid per second 
d1 and d2 are the diameter of particles 
n1 and n2 are the number of particles of diameter 
d1 and d2 respectively. 
G is the velocity gradient in ft/sec/ft 
G = .Jw/u 
in which 
w 
u 
is the total power dissipated per unit volume 
of fluid 
is the viscocity of the fluid 
Hudson {1963) has developed the following equa-
tion for flocculation: 
N 
N. 
1 
in which 
Ni 
N 
t 
v 
¢ 
Exp (-¢VIIGt~ ) . . . . . . . . . . (3) 
is the suspended matter originally present 
is the remaining unflocculated matter 
is the time of flocculation 
is the volume of floc per unit volume of water 
is the floc volume fraction 
Therefore, N/Ni represents the degree of floccula-
tion or the efficiency which depends upon the properties 
of the colloidal matter, time of flocculation and velocity 
gradient. Velocity gradient depends on the viscosity of the 
fluid and energy dissipated per unit volume. Viscosity is 
directly related to the temperature of the fluid. 
Camp {1968) has shown that an increase in tempera-
ture will increase the velocity gradient for a given 
revolution of flocculator paddles. Camp, Root, and 
Bhoota (I 940) also investigated the effect of temperature 
upon the rate of floc formulation and concluded that 
changes in temperature have no measurable effect upon 
the time of the formation. 
From the above theories and from Equations 1, 2, 
and 3 it was concluded that the rate of flocculation is 
accelerated by: 
1. Increase in particle concentration 
2. Increase in particle density 
3. Increase in ·particle size 
4. Decrease in the kinetic viscosity of the fluid 
resulting from an increase in temperature 
Also it is concluded that coagulation is improved by 
raising the temperature because of 
1. An increase in chemical reaction 
2. A decrease in viscosity of the fluid 
3. An increase in Brownian motion and kinetic 
·energy. 
Temperature also affects the stabilization of col-
loidal matter: The thickness of the double diffuse 
layer will be increased by increasing temperature and the 
characteristics of hydrophilic and hydrophobic colloids 
are affected by temperature. Elevated temperatures, also, 
increase biological action which leads to the formation of 
gases that break up the floes and hinder settling. 
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Mechanisms of Coagulation 
Destabilization 
The addition of electrolyte to a colloidal system 
increases the concentration of counterions which in turn 
decreases the thickness of fixed and diffuse layers (double 
diffuse layer), and thus reduces the magnitude of repulsive 
forces. Under such a condition, the attractive forces 
predominate and particles have a tendency to collide more 
frequently which increases the probability of aggregation. 
The electrolyte concentration as well as the valency of the 
cation of the electrolyte are the determining factors in 
promoting colloidal instability. Van Olphen (I 962) pre-
sented the Schulze-Hardy rule which states, "The coagula-
tive power of a salt is determined by the valency of one of 
its ions. This prepotent ion is either the negative or 
positive ion, according to whether the colloidal particles 
move down 01 up the potential gradient. The coagulation 
ion is always of opposite electrical sign to the particle." 
The concept of the Schulze-Hardy rule is that optimum 
coagulation is obtained when the zeta potential of the 
colloidal particles has been increased or decreased to or 
near zero. This consideration guided most thought on the 
mechanism of coagulation until Mattson (1928) reached 
the conclusion that the more important mechanism was 
the hydrolysis product and the binding action. 
It has been found (Stumm and Morgan, 1962, and 
Jurinak, 1973) that when aluminum or iron salts are 
added to water, a variety of products are formed. The 
primary product is formed by the water molecules that 
are held by the oxygen bonds to the aluminum atom. 
H2~ /OH2 
H20/Al~OHz 
H2 0 OH2 
3+ 
The release of a hydrogen atom or atoms results in 
2+ HO /OH H:>A~OH2 +H+ 
H
2
0 OH2 
or 
+ 
+ 2H+ 
or 
0 I H20 /OH ....................... 
. ·~ 
+3H+ l~::/Al~:~ 
or 
H20~ /OH 
H 0 Al OH 
H:O/ ~OH 
+4H+ 
The process proceeds from Al+3 to Al(OH}) and to 
Al{ OH)4 · as the pH of the medium increases since a sink is 
created for the hydrogen ions. Polymerization, which also 
is called olation, may occ·u .• between any two of the above 
molecules as presented m the following chemical equation 
(Jurinak, 1973): 
The greater the nature of OH group in the solution, 
the greater is the tendency to polymerize and the higher 
the positive charge on the polymer. The following 
h.ydrolysis products may be expected upon the addition 
of aluminum salts to water: AI 3+, [AI 2(0H) 2] 4+, [Al(OH) 4]· [A1 8(0Hho1 4+, [AI 3(H20) 10 (0H)4 ] 5+, 
[ A16 ( OH)ls ]3 +, and Al( OH)J The concentration and 
type of each species depends upon the concentration of 
aluminum salts and the pH of the solution. In coagulation 
practice, polyvalent metal salts are used as coagulants of 
which the alummum at•d ferric salts are by far the most 
important Stumm and Morgan {1962) pointed out that 
these metal ions are hydrolyzed in aqueous solutions and 
thetr precipitates are polynuclear complexes. Matijevic et 
al. (1961) and later Black and Chen (1967) showed that in 
the case of an aluminum salt, the main species present at 
pH values lower than 4 if a hydrated trivalent ion, A13+. 
The presence of these ions in the solution results in a 
compression of the electrical double layer and a reduction 
of th~ zeta potential. At a pH range of 4 to 7, polymeric 
species such as [AI2(0H)] 4+ , [A18(0Hho ]4+ and [Al3(H20) 10(0H)4] 5+ predominate. Figure 6 shows the 
equilibria of amorphous Al(OH)3(S) at 25°C (Weber, 
1972). Destabilization of colloidal particles in this pH 
range is attributed to the adsorption of these polymers 
onto the particle's surface and reduction of the surface 
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Figure 6. Solubility equilibria of amorphous Al(OH)J(s) 
at 25°C (Weber, 1972). 
potential. At still higher pH values or at higher aluminum 
concentrations, most of the metal appears in the insoluble 
aluminum hydroxide form. In practice, the dosages of 
aluminum or iron salts required for the destabilization of 
colloids are always sufficient to exceed the solubility of 
the metal hydroxide. Thus, it is plausible to consider that 
destabilization in such systems is partly brought about by 
precipitation of a metal hydroxide precipitate. The 
precipitate forms relatively large micelles which tend to 
preferentially absorb positive ions and thus acquire a 
positive charge. These micelles derive their destabilization 
ability by mutual coagulation with the oppositely charged 
colloidal particles, or by providing bridging material for 
aggregation. Also, the colloidal particles themselves can 
serve as nuclei for the formation of the precipitate, so that 
the rate of precipitation increases with increasing concen-
tration of the colloidal particles to be removed. Thus the 
role of the metal salts in coagulation is a combination of 
electrical neutralization of the negative charge, the forma-
tion of bridging material, and the enmeshment of colloidal 
particles. 
The electrical neutralization effect of coagulants 
and the enmeshment of colloidal particles were recogrtized 
for several decades, but the concept of bridging is 
relatively new. As the importance of bridging was recog-
nized, scientific and industrial interest shifted to new 
types of coagulants whose principle mechanism is bridg-
ing. These are polyelectrolytes long used in some water 
treatment plants as the sole coagulant or as coagulant aids 
(Riddick, 1961 ). Polyelectrolytes are synthetic polymers 
which have a large molecular weight (1 to 3 million) 
(Degremont, 1973) and contain ionic groups (anion or 
cation). The interaction of the electrical charges of the 
colloidal particles and the ionic groups of the polyelectro-
lytes leads to the adsorption of the polymer to the 
particle. As one part of the polymer molecule attaches to 
the particle surface, the remainder of the molecule 
extends into the solution. If a second colloidal particle 
with some vacant adsorption sites contacts such extended 
segments, attachment can occur thus forming a bridge 
between the two. The process then continues with the 
adsorption of more colloidal particles until a large 
aggregate is formed. Black, Birkner, and Morgan {1965 ) 
have reported that the effectiveness of polymers in 
coagulation of colloidal particle depends upon the elec-
trical properties of both the polymers and the solid 
particles. For example, negatively charged colloidal 
particles are better coagulated with a cationic polymer. 
Therefore, the mechanism of coagulation of colloidal 
particles with polyelectrolytes is a combination of bridg-
ing, electrical neutralization, and mutual coagulation. 
Restabilization of coJloidal particles may occur if 
too many positive ions (aluminum hydroxide polymers) 
are present. Such a condition may cause excessive 
adsorption of the hydrolysis products on the surface of 
the particles which in turn may result in reversal of the 
charge. If enmeshment is the only mechanism involved at 
high aluminum dosages, restabilization cannot occur. 
LaMer {1967) reported the mechanism of coagula-
tion of hydrophilic colloidal particles by aluminum 
polymers as follows : "The presence of positive and 
negative charges will change the number of collisions to 
some extent, but that is secondary to firm chemical 
binding by adsorption. When you have a polyelectrolyte 
like the linear Al(OH)3 polymers, flocculating a hydro-
philic colloid, the action is almost entirely a bridging 
mechanism. But the aluminum complexes do have positive 
and/or negative charges." 
In summary, it is concluded that the mechanisms of 
coagulation are very complex and coagulation occurs as a 
combination of the following: 
1. Coagulation of colloidal particles through 
cross-linking at the bridging of segments of 
polymer molecules. 
2. The adsorption of the hydrolysis products by 
the surface of the particle may result in the 
neutralization of the surface charges. 
3. Simple enmeshment of the colloidal particles 
in the hydroxide floes may result in settle-
ment of the suspended particles. 
4. The aluminum ions (or other ions) may act as 
electrolytes in the double layer model of the 
charged particles. 
Effect of pH oil coagulation 
Earlier researchers carried out experiments on the 
influence of pH on aluminum hydroxide floes without 
investigating the effect of colloidal particles in suspen-
sions. They reported that the best conditions for floc 
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formation occurred at the pH value at which alum was 
least soluble. This is at the isoelectric poin t of the floc. 
Buswell and Edwards {1922) concluded that the minimum 
solubility of aluminum hydroxide floc occurred between 
the range of 5.5 and 7.8. Theriault and Clark {1923) 
suggested that the aluminum hydroxide floc has an 
isoelectric point at a pH value of 5 .6. Geyer (1958) 
determined the isoelectric point to be at a pH of7.7 while 
Larsen and Buswell (I 940) estimated that the point 
occurred at a pH value of 8.2. Miller (1923) observed that 
the solubility of the hydroxide product ranged between a 
pH value of 5.4 and 8.5 with solubility being least 
between pH values of 6.7 and 7 .0. 
A detailed study was performed by Packham (1962) 
on the effect of pH on the precipitati0n of aluminum 
hydroxide. A continuous recording turbidimeter was used 
to establish floc formation time, and the amount of 
aluminum in the supernatant was determined following 
centrifugation and filt ration . The residual aluminum was 
at a minimu m between pH values of 5.5 to 7 .2. Packham 
( 1962) used electr phoresis mea urements to show that 
al uminum hydroxide particles had a weak positive charge. 
It was therefore concluded that pH affects the solubility 
of aluminum hydroxide and the hydrolysis products of AI 
III. 
Effect of alkalinity on coagulation 
Baylis (1937) determined the effect of alkalinity on 
the alum coagulation of 30 mg/1 Fullers earth suspension. 
He determined the time of the first floc forma tion. The 
pH was kept between 6.8 and 7 .2 and the alkalinity was 
increased. As the alkalinity concentration was increased, 
he observed that the time at floc fo rmation decreased 
until the alkalinity reached a value of 60 to 75 mg/1 after 
which the time increased slightly. There was also a 
broadening of the optimum pH zone towards the acidic 
side . 
The effect of alkalinity through the addition of 
sodium bicarbonate to turbid mineral clay suspensions 
was studied by Langlier and Ludwig (1952). Each clay 
had an optimum coagulant demand of C. The alkalinity 
corresponding to C between pH values of 7.0 and 7.2 
ranged between 50 to 80 mg/1 as calcium carbonate. The 
optimum pH dropped to 5.5 at zero alkalinity at the most 
efficient dosage. Evidently , hydroxyl ions enhance the 
formation of soluble complexes of aluminum hydroxide 
ions. Alkalinities in excess of the optimum result in an 
increase in the amount of alum necessary for efficient floc 
formation . 
Effect of ions on coagulation 
Marion and Thomas {1946) found that the presence 
of anions tend to extend the optimum pH range toward 
lower values, the extent of which is largely dependent 
upon their valency . The effects of fluoride, oxalate, 
hl ride lactate, sulphate , tartrate , and citrate on the pH 
c t 
0 a~um precipitation levels for aluminum hydroxide 
a ~ also evaluated. They found with the exception of w~~ride that each anion had a distinct effect on the 
c timum pH. A pH value of 7.7 was found to be the point ~f which aluminum hydroxide yrecip.itated in a ?.01 
olar aluminum chloride solutiOn wtth added an10ns ~ther than oH-. The chloride ion had only a very slight 
effect. The ionic concentrations studied were , however , 
far in excess of those normally occurring in sewage 
oxidation ponds or in natural waters. Marion and Thomas 
(1946) concluded that if the ion ~as a stro~g tendency to 
form complex ions with the alumrnum butts not replaced 
by the hydroxyl ion , the ~pti~u~ pH will be 10\~ere~ as 
the concentration of the ton ts mcreased. If the ton IS a 
strong coordinator with aluminum but can be displaced 
by added hydroxyl ions, the optimum p~ will ri~e. 
However, if the anion is only a weak coordmator wtth 
aluminum, the optimum pH will be slightly affected. 
Black, Rice, and Bartow (1933) concluded that an 
anion such as sulfate will widen the optimum zone of pH 
into the acidic range. They also found that the addition of 
10 mg/1 of potassium phosphate lowered the optimum pH 
from 7.4 to 6.5 while 20 mg/1 decreased it to 5.3 (Black , 
Rice, and Bartow, 1933). Packham {1960) reported that, 
in general, "The course of coagulation with aluminum or 
iron salts undergoes more interference from anions than 
from cations. Anions extend the optimum pH range for 
coagulation to the acid region to an extent dependent on 
their valency." 
Adsorption mechanisms in coagulation 
It has been found experimentally that polymer 
adsorption can be described with a Langmuir type 
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equation: 
e {T:'i) = KC 
in which 8 is the fraction of the surface covered by the 
polymer molecule, K is a constant and C is the equilib-
rium polymer concentration. No theoretical research had 
directly predicted this. The rate of adsorption is propor-
tional to 8 /(1-8) in accordance with the Langmuir 
isotherm (1963). The term 8 /(1-8) varies from zero at 
8= 1, to a maximum value at 8 =0.5. The overall rate of 
adsorption is thus at a maximum when one half of the 
colloid surface is covered by a polymer. LaMer and Healy 
{1963) reported that increased molecular weight resulted 
in a reduction in the rate of adsorption due to a reduction 
in the (1-8) term. In this way , less floes are formed. These 
researchers also concluded that extended periods of 
mixing time can adversely affect earlier formed floc. The 
bridging effect , optimum at8 =0.5 , may be mechanically 
decreased by prolonged agitation with a resulting increase 
in 8. 
Silbenberg (1962) predicted an isotherm which 
agrees in form with that of Simha, Frisch, and Eiric~ 
(1953). The SFE isotherm is similar to a Langmmr 
isotherm and can be expressed as follows: 
--9-~ = K'C (1 - 9) 
in which ~ is the number of attached segments. When~ is 
equal to unity, the equation is reduced to a Langmuir 
equation. Near surface saturation, where many segments 
interfere, the Langmuir equation is thought to be 
approached. 

EXPERIMENTAL DESIGN-ALGAE 
Materials and Methods 
Complete factorial design 
Undoubtedly one of the most elegant, powerful, 
and useful techniques in modern statistical method is that 
of the analysis of variation and co-variation. By this 
method, the total variation in a set of data may be 
reduced to components associated with possible sources 
of variability whose relative importance one may wish to 
assess. The experiments reported herein were designed as a 
complete factorial experiment. The effect of each factor 
could be obtained through the analysis of variance. First 
order interactions, that is the effect of interactions 
between pairs of main factors could be determined. Also 
second order, third order, and fourth order interactions in 
a four or five factor experiment also could be quantita-
tively analyzed. The advantages of complete factorial 
design as given by Ostle (1969) are: "(1) Greater efficiency 
in the use of available experimental resources is achieved, 
(2) information is obtained about the various interactions, 
(3) the experimental results are applicable over a wide 
range of conditions, ( 4) there is a gain due to the hidden 
replication arising from factorial arrangement." However, 
the disadvantages of such a design are: "(1) The experi-
mental setup and the resulting statistical analysis are more 
complex; {2) with a large number of treatment combina-
tions the selection of homogeneous experimental units 
becomes more difficult; (3) certain of the treatment 
combinations may be of little or no interest; conse-
quently, some of the experimental resources may be 
wasted." 
Randomization of tests is an essential part of the 
factorial experimental design. Complete randomization 
negates the effect of background variables which may 
influence the results and places this effect in the error 
term or residual of the complete factorially designed 
experiment. Such background variables, in this design for 
example, were the small variations in the alkalinity of the 
tap water or wastewater stabilization pond over the period 
in which the tests were carried out, or the rotation speed 
of paddles during the jar test that varied slightly due to 
bearing water. Complete randomization of the tests 
tended to eliminate such effects and avoid confoundment 
of the main variables. Randomization was accomplished 
by carrying out all tests for one replication and then 
repeating the tests in a backward fashion for the second 
replication. The use, also, of one stirrer for one replication 
and another for the second replication eliminated the 
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variation in rotation of the stirrers. Complete randomiza-
tion over pH and algal concentration was possible, 
especially as the variations were small. However, the pH 
was standardized by the addition of sulfuric acid or 
sodium hydroxide depending upon the initial pH of the 
algal culture. The concentration of algae was adjusted to a 
standardized value before adjusting the pH by the 
addition of tap water. Figure 7 shows the experimental 
design and the level of the variables. 
Algal cultures 
The main species used in this study was the green 
algal Selenastrum capricomutum. This organism was 
chosen because it is a convenient type to grow under 
laboratory conditions and is easy to measure by fluorom-
eter or light transmission instruments. Under normal 
conditions, S. capricomutum do not attach to glass 
surfaces or flocculate. The culture media used was made 
of inorganic minerals and tap water (see Appendix A). 
The seed for the initial algal culture was grown in 
4-liter flasks using New Algal Assay Medium (NAAM) 
(EPA, 1 971) prepared in sterile distilled water. The algal 
cells were cultured on a semicontinuous basis by using a 
6-day residence time. Half the culture from the flasks was 
withdrawn every 3 days and replaced with fresh NAAM 
medium prepared from concentrated solutions. 
Two liters of algae were taken from the 4-liter flask 
and placed in a IS-gallon aquarium made of double 
strength window glass 1/8 inch thick. Then 2 liters of 
aerated tap water containing concentrated inorganic 
nutrients were added to the culture to produce a solution 
equivalent to NAAM medium. Every 3 days the volume of 
medium in the aquarium was doubled by the addition of 
aerated tap water and concentrated inorganic nutrients 
until the volume of the culture reached 32 liters. At this 
point, 16 liters of culture were removed after 3 days, for 
jar test experiments, and replaced by fresh NAAM 
medium. Three days later, another 16liters were taken for 
experimental purposes and the remainder was disposed of 
and a fresh culture was started. The main reason for this 
procedure was to avoid the excessive contamination of the 
S. capricomutum by other algae. Table 3 shows the mean 
percentage composition of algae used in the experiments. 
Compressed air was used as a source of carbon 
dioxide and as a means to insure complete mixing of 
nutrients and algal cells as well as to insure that the algae 
r ------------1 Variables r------------, I r--------~ I _________ ~ 
r-1 -2-o o~~L....-A--,1 
Exp. as temp. 20°C r------ -------- Exp. as temp. 20°C 
r=_------------- ----------..... ------_-_,....L..--------, 
Paddle speed Paddle speed Paddle speed 
20 rpm B 30 rpm B 50 rpm B 
Exp. asP. S. 30 rpm r-------.-;r-----e--------- Exp. as P. S. 30 rpm 
Flocc. time 10 min. 
c 
Exp. as F.T. 20 min. 
Flocc. time 40 min. 
Exp. as F. T. 20 min. 
c 
r-------------_-_-_-_-____.~.....-_--=_--_-_.....,--------l 
Settling time 20 min D Settling time 40 min. D Settling time 80 min. D 
Figure 7. Diagram of the complete factorial design (levels and variables). 
Table 3. Percentage of mean values of algal species in 
the algal culture aquarium. 
Mean 
Algal Species Percentage Standard 
of Algal Error 
Species 
Selena strum 
75 ±5 
ca Ericornutum 
Euglena 20 ±3 
Diatoms 5 ±3 
would be exposed to adequate light for uninhibited 
growth. The light source for the culture was a six-bulb 
fluorescent fixture mounted above the culture aquariums. 
There was no provision for controlling the temperature of 
the culture. However, the temperature varied from 22 to 
26°C depending upon the season, the hour of the day, 
and the quantity and temperature of the compressed air 
used for aeration. 
The experimental apparatus consisting of three 
aquaria and two 4-liter flasks are shown in Figure 8. 
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Relationship between algal suspensions as 
volatile suspended solids and relative fluorescence 
The determination of volatile suspended solids 
requires large samples and is a time consuming procedure, 
especially if there are large numbers of samples. Moreover, 
it is not a precise procedure to measure algal cells. To 
overcome the disadvantages of the small samples available 
from each jar test and to save time, attempts were made 
to correlate the concentration of algal cells measured as 
VSS with relative fluorescence measured with a G. K. 
Turner Fluorometer. 
Two liters of algal culture were taken from the algal 
aquaria and different dilutions of algal concentrations 
were prepared. Ute relative fluorescence of each dilution 
was measured with the fluorometer. Then the VSS was 
measured by using the GF /C ftltration technique as 
recommended in "Standard Methods" ( 1971 ). The algal 
concentration of these dilutions expressed as milligrams 
per liter and the corresponding relative fluorescence units 
are given in Appendix B, Table B-1. Figure 9 shows the 
relationship between algal concentration in mg/1 as VSS 
and as fluorescence units. The equation for this correla-
tion is: 
C = 0.704 F- 3.2 
in which 
C = Concentration of algae expressed as VSS, mg/1 
F = Fluorescence units 
Figure 8. Algal culture equipment. 
0 10 
Y= -3.211+0.704X 
r = 0.998"• 
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Figure 9. Correlation of algal concentrations as VSS (mg/l) with relative fluorescence units. 
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The above equation made it possible to use the 
fluorometer to measure algal concentrations as mg/1 VSS. 
The coefficient of correlation, r, of the above equation is 
significant at the 1 percent level. Significance levels of 1 
percent are identified on each graph with two asterisks 
(**), and the 5 perc·ent significance level is shown with a 
single asterisk. 
Apparatus and experimental procedure 
The standard jar test procedure was used in all of 
the experiments. Two six-place multiple stirrers (Phipps 
and Byrd, Richmond, Va.) were used. The tachometer 
readings were found to agree with paddle rpm values. The 
paddles and shafts were all of stainless steel construction. 
The size of paddles and general configuration of the 
stirring apparatus are shown in Figure 10. Rotational 
speeds could be varied between 0-100 rpm, and the 
variable speed device allowed speeds to be held within 2 
rpm. Standard laboratory beakers with a volume of 1.5 
liters were used throughout the study. 
A Blue-M-constant temperature water bath model 
MR-3240A-1 was used to control the temperature of algal 
suspensions during coagulation. The water bath was 
coupled with a single stage, air cooled refrigeration 
system. The range of temperature that can be controlled 
by the water bath was from 0°C to 1 00°C. The size of the 
water bath was large enough to accommodate the two jar 
apparatti together with twelve 1.5-liter beakers. An 
ethylene glycol solution, 60 percent by volume was used 
II SCALE 
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to prevent "icing" of the refrigeration cooling coils. The 
water bath, refrigeration unit and the jar test apparatti are 
shown in Figure 11. 
Prior to jar-test experiments, a 1 percent alum 
solution was prepared by dissolving powdered aluminum 
sulfate (see Table 4) in distilled water. Fresh stock was 
prepared for each set of jar tests. Sixteen liters of algae 
were taken from the culture aquarium, 12 liters of which 
were placed in twelve 1.5-liter beakers. The pH of the 
algae culture was determined using a Beckman Zeromatic 
II pH meter. If the pH was within 8.0 ± 0.3, no 
adjustment was made. 
The beakers containing the algal culture were placed 
in the water bath under the stirrers. The cultures were 
stirred until the required temperature was attained. Alum 
solution was then added simultaneously to each of three 
sets of four beakers with a time lapse of 5 minutes 
between each set. Fast mixing was held at 100 rpm for 2 
minutes, followed by slow mixing and settling. Tempera-
tures, paddle speeds, flocculation times, settling times, 
and alum dosages were maintained at the levels of 
variables presented in Figure 7. Upon completion of 
settlement, the beakers were very carefully taken out of 
the water bath, the supernatant was then poured from the 
settled floes into 500-ml graduated cylinders at a rate of 
approximately 0.2 liters per minute. Only 400 m1 was 
taken from each beaker and the remainder was discharged 
to waste. The pH and relative fluorescence of the 
supernatant were then determined. 
Figure 10. Phipps and Bird, Inc. Richmond, Virginia, multiple stirrer. 
22 
Figure II. Jar test apparatus, water bath, and refrigeration unit. 
Table 4. Chemical analysis of alum used in the coagula-
tion experiments. 
Chemical Components 
Al 2 (S04 )3• 18H 20 
Insoluble matter 
Cl 
As 
Heavy metals (as Ph) 
Fe 
Earth and Alkalies 
(as SO 4 ) 
Percentage 
99.7949 
0.0020 
0.0005 
0.000005 
0.00050 
0.0020 
0.2000 
Alkalinity of the algal culture was determined every 
other week. The mean alkalinity was found to be 135 
mg/1 with a standard deviation of 5.6 mg/1. This variation 
was considered insignificant. 
After the performance of each experiment, 2 of the 
16 liters of algae culture removed from the culture 
aquarium were used for standard tests which consisted of 
coagulating the algae under fixed conditions of: (1) 
Temperature of 20°C, (2) fast mixing of 100 rpm for a 
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duration of 2 minutes, (3) slow mixing of 30 rpm for a 
period of 30 minutes, (4) settling time of 30 minutes, and 
(5) an alum dosage of 60 ppm. The mean and standard 
deviations of the standard samples of all experiments were 
found to be 90.7 ± 4.1 percent. Any experiment in which 
the standard samples were outside the limits (i.e., mean ± 
standard deviation) was repeated. This procedure was 
followed as a safeguard against small variations in alkal-
inity, pH, ion concentrations, and any unaccounted 
variables that might have occurred. Accepted results were 
corrected by adjusting them in accordance with their 
standards. 
Determination of coagulant dosages 
To determine the levels of coagulant dosages to be 
used in the experiment, a series of experiments using 
different alum dosages were carried out. Algal suspensions 
from the culture aquarium were used in these experi-
ments. The experiment was carried out under these 
conditions: (1) Temperature of 20°C, (2) fast mixing of 
100 rpm for 2 minutes, (3) slow mixing of 30 rpm for 30 
minues, and ( 4) a settling time of 20 minutes. Alum 
dosage ranged from 1 0 to 120 mg/1. The pH was 
determined before and after coagulation. 
Determination of the effect of 
algal concentration 
Several series of tests were performed to study the 
combined effect of alum dosage, temperature, and algae 
concentration on the coagulation of algal cells cultured 
with NAAM media. 
A concentrated algal culture was prepared by the 
same procedure explained previously with the exception 
being that when the volume of algal suspensions in the 
aquarium reached 16 liters in volume, concentrated 
nutrients were added twice without the removal of any 
algal culture. The quantity of concentrated nutrients 
added to the aquarium produced a medium equivalent to 
NAAM medium. Algal concentrations in the culture 
aquarium 3 days after the final addition of nutrients 
ranged from 80 to 85 mg/1 as volatile suspended solids. 
Several dilutions were made by the addition of filtered 
water obtained from the culture aquarium. This procedure 
was followed to insure that alkalinity, pH, and ion 
concentrations were the same in all dilutions. The 
dilutions were: C0 , 0.8 C0 , 0.6 C0 , 0.4 C0 , 0.2 C0 , and 
0.1 C0 , where C0 is the initial concentration of algal cells. 
The experiment was designed as a complete factorial 
test with three variables; temperature, alum dosage, and 
algal concentration. Figure 12 shows the levels of vari-
ables. 
Jar-test procedures and temperature control were 
conducted in the same manner discussed previously. 
However, the other variables were kept constant as 
follows: (1) Fast mixing 100 rpm for 2 minutes, (2) slow 
mixing 30 rpm for 30 minutes, (3) settling time, 30 
minutes. 
Results and Discussion 
Mechanisms of algal removal 
Before discussing the effect of temperature on other 
variables studied in this research, it is of great importance 
to analyze and to determine the mechanism or mech-
anisms responsible for chemical coagulation of algal 
suspensions by aluminum sulfate. The literature review 
showed that algal cells have a pH-dependent negative 
charge. The magnitude of such a charge is dependent on 
algal species and on the pH of the medium. In addition, 
the magnitude of this charge is less than that of bacterial 
or clay colloids. Algal cells are mainly made of protein 
(over 50 percent by dry weight) and other organic and 
inorganic materials. Therefore, algae are considered as 
hydrophilic colloidal types. 
The initial mean pH of algal suspensions used in this 
research was found to be 8.0 ± 0.3. 
Figure 13 shows the effect of alum addition on the 
pH of algal suspensions. The mean pH of the algal medium 
Temperature A 
-------------r 
~------._ ______ , 
Proceed as (A2) -----------:J~+-f------------ Proceed as (A 2) 
Proceed as B 2 r----
-----
Proceed as B 2 
Figure 12. Factorial design for algal concentration experiment. 
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Figure 13. The relationships between pH and alum dosage 
in mg/1 (experimental design). 
after the addition of alum ranged from 7.2 to 7.7 
depending on the quantity of alum added. 
Upon the addition of alum to water, a variety of 
hydrolysis products are formed such as: A13+, 
[AI 2 (OHh] 4+, [AI (OH)4] -. [AI 8 (OH) 20 ] 4+, 
[A16(0Hh 5 ] 3+, and Al(OHh. The quantity of each 
species is dependent upon the pH of the medium and on 
the concentration of aluminum sulfate in the water. The 
species expected within a pH range of 7.2 to 7.7 are 
mainly Al(OHh and, to a lesser extent, other aluminum 
hydroxide polymers with large molecules and a large 
variety of valences. It is, therefore, Al(OHh that is the 
main hydrolysis species responsible for the mechanism of 
algal coagulation. This conclusion agrees with LeMer 
(1967) who reported that the main mechanism for 
coagulation of hydrophilic colloids is the precipitation of 
colloids by the insoluble aluminum hydroxide (Al(OHh ). 
Coagulation of algae is not strictly defined by one 
mechanism, and other mechanisms exert an influence in 
algae. removal. NeutralizatiOn of the negative charge in 
algal colloidal surface is made by the presence of other 
hydrolysis product of alum in water. Also, when a 
polymer molecule comes into contact with a colloidal 
algal particle, some of these groups adsorb at the particle 
surface, leaving the remainder of the molecule extending 
out into the solution. If a second algal particle with some 
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vacant adsorption sites contacts these extended segm~nts 
attachment can occur. A particle-polymer-particle com-
plex is thus formed in which the polymer serves as a 
bridge. Eventually a large particle is formed which readily 
settles. 
Effect of temperature and alum 
dosage on algal removal 
Table B-2, Appendix B, shows the numerous com-
binations of interactions that can occur between tempera-
tures of algal suspensions and alum dosages under 
different conditions of paddle speed, flocculation time. 
and settling time. To demonstrate these interactions. fixed 
conditions were selected based upon the options available 
in practice. The selected variables were: Paddle speed of 
30 rpm, flocculation time of 20 minutes, and settling time 
of 20 minutes. The results of algal coagulation under these 
conditions are presented in Figures 14 and 15 
Figure 14 shows the effect of alum dosages tm algal 
removal at different temperatures. The effect of alum 
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Figure IS. Effect of temperature on algal removal at 
different alum dosages (experimental design). 
dosage was linear with a high algal removal of 9 5 percent 
which was obtained at an alum dosage of 80 mg/1 and at a 
temperature of 1 0°C. The lowest algal removal was 30 
percent with an alum dosage of 20 mg/1 and at a 
temperature of 35°C. 
Figure 14 shows that when alum dosages were 
increased from 20 mg/1 to 80 mg/1, algal removal was 
improved by 24 percent at a temperature of 1 0°C, by 40 
percent at 20°C and by 63 percent at 35°C. This indicates 
that at high temperatures the amount of alum required to 
improve algal removal is significant. It is also clear that 
algal suspensions coagulate best with alum at low tempera-
tures. Figure 14 shows that the effect of temperature on 
algal removal is inversely proportional to the amount of 
alum used. 
This phenomena can be explained by examining the 
main mechanism responsible for algal coagulation which is 
the insoluble aluminum hydroxide floes. Baswell et al. 
( 1922) have concluded that the minimum solubility of 
aluminum hydroxide occurs between the range of pH 5.5 
and 7 .8. The experiments conducted in this research fall 
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within this range. The solubility of Al(OHh is decreased 
as temperature decreases; therefore, more aluminum 
hydroxide floes are present at low temperatures. Since the 
insoluble aluminum hydroxides are the main factor in 
algal removal under such conditions, better algal removal 
can be expected at lower temperatures. The presence of 
such micro floes serve as nuclei for the formation of the 
precipitate, so that the rate of precipitation increases with 
the increase in floc numbers. 
More gases are produced at high temperatures than 
at low temperatures during the process of coagulation and 
settling. The main gas produced was probably oxygen as a 
result of photosynthesis. Since the experiments were done 
under laboratory illuminations, other gases are also 
produced due to biological action of bacteria and organic 
matter present in the algal culture. Also, gas solubility is 
inversely proportional to the temperature of the fluid. 
The release of super saturated oxygen and other gases at 
the higher temperatures would cause some floes to buoy 
up and eventually break up. At elevated temperatures, 
algal flotation was observed. It was noted that the rising 
floes contained small bubbles of gas. 
Another factor that might account for the effect of 
temperature on algae coagulation is the hydrophilic 
characteristics of algal colloidal material. Hydrophilic 
colloids have a great affinity for the dispersion medium. 
At low temperatures, the volume of the adsorbed water 
molecules is reduced which results in the reduction of the 
hydrophilic characteristics of the algal colloids. 
Adsorption is a function of temperature, concentra-
tion of adsorbate, and type of adsorbent. If all variables 
are kept constant, except the temperature, then adsorp-
tion under such conditions is a function of temperature. 
Adsorption is inversely proportional to absolute tempera-
ture, hence at low temperatures more adsorption of 
polymers is expected on algal surfaces than at higher 
temperatures. 
All of the above explanations support the results 
obtained in this research. However it is possible that at the 
lower temperatures the increased viscosity of the water 
may have hampered dispersion of coagulant and floc 
formation and reduced the rate of settlement. 
Figure 15 shows the effect of temperature on algal 
removal at different alum dosages. The algal removal was 
improved by 51 percent as a result of the reduction of 
temperature from 35°C to 10°C when the alum dosage 
was 20 mg/1, by 17 percent when the alum dosage was 40 
mg/1, and by 5 percent when the alum dosage was 80 
mg/1. This shows that at high alum dosages, the number of 
hydroxide floes is enough to produce strong floes, and the 
difference in temperature has little effect on algal re-
moval. At low alum dosages where the number of 
insoluble aluminum hydroxide floes is critical, the effect 
of temperature variation is quite significant. 
The effect of alum dosage on algal removal at 
different temperatures is indicated by the change in slope 
of the lines of best fit shown in Figure 15. Higher absolute 
values of the slope indicate a greater effect of temperature 
on algal removal, or, the effect of temperature is inversely 
proportional to the quantity of insoluble aluminum 
hydroxide in the solution. 
Effects of temperatures on 
settleability of algal floes 
The interaction between temperature and the set-
tling time was significant (Appendix E). These inter-
actions and their effect on algal removal are presented in 
Figures 16 and 17. The effects of temperature and settling 
time on algal removal were studied under the following 
conditions: slow mixing of 30 rpm, flocculation time of 
20 minutes, and alum dosage of 40 mg/1. 
Figure 16 shows the effect of settling time on the 
removal of algal cells at different temperatures. The 
relationship between settling time and algal removal is 
approximately linear with acceptable correlation coeffi-
cients. However, the correlation coefficient of the line at 
20°C is rather low. Variation in the replications was most 
10.0 
60 
X 
A 
G 
TEMP. OC Y r 
I 0 0.149Xt82.02 0.968 ~ ... 
20 Q033X+8Q99 ~568 
35 -0.245X+77.22 0.871 11 
CONDITIONS 
FAST MIXING 100 rpm 
SLOWMIXING 30 rpm 
ALUM DOSAGE 40 mg/1 
FLOCCULATION TIME 20MIN. 
~o~~2~o--------4~o~------~6~o------~8~o~ 
SETTLING TIME MIN. 
Figure 16. Effect of settling time on algal removal at 
different temperatures (experimental design). 
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likely the result of human and instrumentation errors. 
Figure 16 shows that when settling time increased from 
20 minutes to 80 minutes, the percent removal of algal 
suspensions was improved by 9 percent at a temperature 
of 10°C and by 2 percent at a temperature of 20°C 
However, the percentage removal of algal cells was 
reduced by 15 percent when settling time increased from 
20 minutes to 80 minutes at a temperature of 35°C. 
At low temperatures such as I 0°C. the production 
of gases due to alga photosynthesis and bacterial actiOn 
are at a minimum. In addition, the solubility of any 
produced gases at such low temperature is quite high. 
These factors minimize the release ot gases frorn the 
water. Under such conditions, the disturbance of settling 
floes by gases is negligible, and the mcrease in settling 
time improves the percentage removal '->f algal cells. 
As temperatures increased, the production of gases 
increased due to bacterial action and algal photosynthesis. 
The solubility of gases was also decreased. This led to the 
release of gases from the water, which eliminated the 
improvement of algal removal normally associated with an 
increase in settling time. Figure 16 also shows that an 
increase in settling time has an adverse affect on algal 
removal at a temperature of 35°C. As gases passed out of 
the water, the settling of floes was hindered, and in some 
cases breakage of weak floes occurred. 
It was observed under high temperatures that the 
settleable floes increased in volume because of the trapped 
gases within the floes. Some flotation of algal cells was 
also found on the surface of the water in the beakers. 
Under such high temperatures, the removal of supernatant 
was difficult and in many cases floc breakage and 
flotation occurred during removal of the supernatant. The 
settled sludge in the beaker was also bulky from trapped 
gases. 
At low temperatures, the floes readily settled and 
were well compacted. No disturbance was observed in the 
settled algae during the removal of supernatant and 
flotation of algal cells was not found on the water surface. 
The sludge was compact and occupied less volume than 
was the case under high temperatures. 
The slopes of the lines in Figure 16 are directly 
proportional to the effect of settling time on the 
percentage of algal removal at different temperatures. 
Slopes decrease as temperatures increase. At I 0°C, the 
slope is 0.149, at 20°C it is .033, and at 35°C it ts 0.245. 
Figure 17 shows the effect of temperature on algal 
removal at different settling times. The percentage algae 
removal was improved by 15 percent when the tempera-
ture of the algal suspension was reduced from 35°C to 
1 0°C at settling times of 20 minutes, by approximately 
26 percent at settling times of 40 minutes, and by 40 
percent at settling times of 80 minutes. These results 
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Figure 17. Effect of temperature on algal removal at 
different settling time (experimental design). 
demonstrate the relationships between settling time- and 
temperatures. At high temperatures, it is best to reduce 
the time of settling since high temperatures have an 
adverse affect on algal removal because of the excess 
production of gases by algal photosynthesis and bacterial 
action. At low temperatures algal settling is improved by 
increasing the settling time since gases production was 
minimal. The slopes of the lines in Figure 17 are directly 
proportional to the effect of settling time on algal removal 
with respect to the variations in temperatures. 
Effect of temperature and paddle 
speed on algal removal 
The interactions between temperature and paddle 
speed and their effect on algal removal are presented in 
Figures 18 al)d 19. Flocculation times of 20 minutes, 
settling times of 20 minutes, and an alum dosage of 40 
mg/1 were used. 
Figure 18 shows the effect of paddle speed on algal 
removal at different temperatures. Slow mixing speeds 
had a considerable influence on the formation of the 
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Figure 18. Effect of paddle speed on algal removal at dif-
ferent temperatures (experimental design). 
floes. An increase in algal removal of 7 percent was 
obtained when the paddle speed was increased from 20 
rpm to 30 rpm at a temperature of 1 0°C. It was only 
increased by 2.5 percent when the temperature was 20°C. 
An insignificant decrease of floc formation (0.75 percent) 
was observed when the paddle speed was increased from 
30 rpm to 50 rpm at a temperature of 1 0°C. This result is 
probably attributable to experimental errors. The same 
explanation could also apply to the insignificant increase 
(0.5 percent) in algal removal when the paddle speed was 
increased from 30 rpm to 50 rpm at a temperature of 
20°C. 
At a temperature of 35°C, the algal removal was 
improved by approximately 2 percent when the paddle 
speed was increased from 20 rpm to 30 rpm and decreased 
by 10.5 percent as the paddle speed was increased from 
30 rpm to 50 rpm. The decrease in removal of algae at the 
highest paddle speed and at a higher temperature resulted 
because floes formed under high temperatures are weak 
inasmuch as they contain gas bubbles. High paddle speeds 
tend to break up these weak floes. 
At the three temperatures; 1 0°C, 20°C, and 35°C, 
the tests indicated that the optimum rotational speed of 
the paddles was about 30 rpm. 
Figure 19 shows the effect of temperature on algal 
removal at different paddle speeds. The relationships 
between percentage removal of algae and temperature 
were linear and produced correlation coefficients signifi-
cant at the 1 percent level at 50 rpm, and at 5 percent 
level at 20 and 30 rpm. Algal removal was improved by 16 
percent when temperatures of algal suspension were 
reduced from 35°C to 10°C at paddle speeds of 20 rpm 
and 30 rpm, and by 30 percent at a paddle speed of 50 
rpm. The slopes of the curves in Figure 19 are directly 
proportional to the paddle speeds, or. the higher the 
paddle speed the greater the effect on algal removal as 
temperatures varied from 35°C to 1 0°C. 
Table 5 shows the relationships between the veloc-
ity gradient (G) and paddle speeds at different 
temperatures. 
Effect of temperature and flocculation 
time on algal removal 
The interactions between temperature and floccula-
tion time on algal removal are shown in Figures 20 and 
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Figure 19. Effect of temperature on algal removal at dif-
ferent paddle speeds (experimental design). 
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21, at a paddle speed of 30 rpm, a settling time of 20 
minutes, and an alum dosage of 40 mg/1. 
Figure 20 shows the effect of flocculation time on 
algal removal at different temperatures. Increased floccu-
lation time improved algal removal at all temperatures. 
The relationships between flocculation time and algal 
removal under different temperatures are represented by 
straight lines. Algal removal was improved by 4 percent 
when flocculation time was increased from 10 minutes to 
40 minutes at a temperature of 10°C, by 7.5 percent at a 
temperature of 20°C, and by 18 percent at 35°C. The 
slopes of the lines in Figure 20 are proportional to the 
temperature at which coagulation occurred. Increased . 
algal removal at elevated temperatures can be explained as 
follows: Increasing the flocculation time at or near the 
optimum paddle speed (30 rpm) released the trapped 
gases within the algal floes that were produced by 
photosynthesis and bacterial action. 
Figure 21 shows the effect of temperature on algal 
removal at different flocculation times. The relationships 
between algal removal and temperatures are near linearity 
with correlation coefficients significant at the level of 1 
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Figure 20. Effect of flocculation time on algal removal at 
different temperatures (experimental design). 
Table 5. The relationships between velocity gradient (G) and paddle speeds at different temperatures. 
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67. 62 71.45 75.23 78.26 
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percent at flocculation time of 10 and 40 minutes and at a 
level of 5 percent at flocculation time of 20 minutes. 
Algal removal was improved by 31 percent when tempera-
tures were reduced from 35°C to 10°C at a flocculation 
time of 10 minutes, by 15 percent at a flocculation time 
of 20 minutes, and by 13 percent at a flocculation time of 
40 minutes. The slopes of the lines of best fit are inversely 
proportional to the flocculation time. 
Analysis of variance 
The percentage removal of algal suspensions by 
coagulation with alum were given in Appendix B, Table 
B-2. The analysis of variance was obtained using Bur-
roughs B6700 computer. The program of the analysis was 
prepared by the Statistics Department at Utah State 
University. The analysis was performed by using the 
instructions given in the Statpac Handout (Hurst, 1973) . 
When a process has a number of variables each 
acting independently yet contributing to the variance of 
the final product, then the total variance is equal to the 
sum of the component variances. In the analysis of 
variance of a complete factorially designed experiment the 
total variance is divided into its components and the 
importance of each component variance is assessed. 
5~~1~0-------------2~0~------------------~3~8~~ 
TEMPERATURE •c 
Figure 21. Effect of temperature on algal removal at dif-
ferent flocculation time (experimental design). 
In this study, the main variables were temperature 
of algal suspension during coagulation (A), paddle speed 
(B), flocculation time (C), settling time (D), and alum 
dosage (E). The interactions between these variables may 
also have been of importance. The first order interactions 
included AB, AC, AD, AE, BC, BD, BE, CD, CE, and DE. 
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The second order interactions were ABC, ABD, ABE, 
ACD, ACE, ADE, BCD, BCE, BDE, and CDE. The third 
interactions were ABCD, ABCE, ABDE, ACDE, and 
BCDE. Also there is the interaction between the five 
variables ABCDE. 
In the comparison between two mean squares, 
Fisher's F test was utilized (Ostle, 1969). The variance 
ratio, F, and associated degrees of freedom were deter-
mined. A null hypothesis was made, which stated that 
both variances were assumed not to vary significantly 
from each other. The F test indicates whether the variance 
estimates or mean squares corresponding to the main 
variable or any order of interaction is so much greater 
than the residual, or error variance, or mean square, that 
the variance ratio is very unlikely to have arisen by 
chance. Statistical tables are available that show the value 
of the F-ratio which will be exceeded with a given degree 
of probability for various degrees of freedom. If, for 
example, the value ofF is equal to the stated value for the 
probability level, then under the assumption that the null 
hypothesis is correct, it may be stated that there is a 5 
percent level of significance that the value of F could be 
as large as its calculated value. If the value ofF is greater 
than the 5 percent level, then the probability that the 
value of the F-ratio is as large as calculated is lessened. 
Analysis of variance of main variables 
The analysis of variance of the five main variables is 
summarized in Appendix E, Table E-1. The most signifi-
cant variable was the alum dosage (E), followed by 
temperature (A), then by flocculation time (C), paddle 
speed (B), and settling time (D). However, all five 
variables were significantly important with a level of 1 
percent. 
Such results were expected since all of the variables 
had been shown to be significant by other investigators 
with the exception being the temperature (Weber, 1972; 
McGarry, 1970; Lin, Evans, and Beuscher, 1971; Harris 
and Kaufman, 1966; Hudson, 1963; and Camp, Root, and 
Bhoota, 1940). The results of this study also showed that 
temperature was significantly important in the coagula-
tion of algae, and the best results were obtained at low 
temperatures. This has been discussed previously in this 
chapter. 
Analysis of variance of first order interactions 
Table E-2, Appendix E, describes the analysis of 
variance for the first order interactions among the main 
variables. All first order interactions were significantly 
impottant at a level of 1 percent except interactions 
between: (1) Paddle speed and flocculation time (BC), {2) 
paddle speed and alum dosages (BE), and {3) flocculation 
time and settling time {CD). It was obvious that the 
influence of temperature had a great effect on the 
interaction with all other variables. In addition, alum 
31 
dosage influenced the significance of interactions between 
all variables except flocculation time. The analysis of 
variance showed a significant interaction between paddle 
speed and flocculation time. This demonstrates the strong 
effect of temperature and alum dosage on the coagulation 
process. 
Analysis of variance of second order interactions 
Table E-3, Appendix E, represents the analysis of 
variance of second order interactions which show that the 
interactions between ABC, ABD, ABE, ACE, and ADE, 
were significant at a level of 1 percent. These interactions 
include either the temperature alone or together with 
alum dosages. This result is once again due to the fact that 
the temperature and the alum dosage are the most 
important factors. Interactions between BCD and CDE are 
significantly important at a level of 5 percent while there 
were no significant interactions between ACD, BCE, and 
BDE. 
Analysis of variance of third 
and fourth order interactions 
Table E-4, Appendix E, shows that there ~ere 
significant interactions between ABCE and BCDE at the 1 
percent level, and there was a significant interaction 
between ACDE at a 5 percent level. The analysis of 
variance in Table E-4 showed no significant interactions 
between ABCD, ABDE, and ABCDE. The insignificance in 
higher order interactions is common due to the experi-
mental errors which result from human and instrumenta-
tion errors. These errors contribute to the mean square of 
the residual and consequently reduce the F-ratio. 
Step-wise multiple regression analysis 
Results of the analysis of the complete factorial 
design in Table B-2, Appendix B, were utilized to. produce 
a step-wise multiple regression analysis in an effort to 
establish a mathematical model that represented the 
variables studied in this research. The dependent variable 
of the suggested model is the percentage removal of algal 
suspensions by chemical coagulation using aluminum 
sulfate [Al2(S04)) • 18H20]. The independent variables 
were: temperatures of the coagulated algal culture, alum 
dosage, flocculation time, settling times, and paddle 
speeds of the jar-test apparatus. Several mathematical 
models {linear, logarithmic, and multi-variable) were tried 
to formulate the relationship between the percentage 
removal of algae and the other independent variables. The 
linear mathematical model was the most successful since it 
had the highest coefficient of correlation. 
The linear mathematical model is represented as 
follows: 
in which 
P is the percentage removal of algae by chemical 
coagulation with alum 
b0 is the intercept of the regression equation 
expressed as a percentage removal of algae 
b 1 , b2 , b3 , b4 , and b5 are the coefficients of the 
variables A, B, C, D, and E. A represents the 
temperature of the coagulated algae; B the 
paddle speed of the jar-test apparatus in rpm; 
C the flocculation time in minutes; D the 
settling time in minutes; and E the alum 
dosage in mg/1. 
The analysis of the step-wise multiple regression was 
computed by utilizing the program stored in the computer 
library and in accordance with the Statpac Handout 
(Hurst, 1973). The results are presented in Table E-5, 
Appendix E. The analysis indicated that the most signifi-
cant independent variable was the alum dosage followed 
by the temperature, flocculation time, paddle speed, and 
settling time. 
The step-wise multiple regression computations gave 
five mathematical linear models which are presented in 
Table 6. Model Number 4 shows that the deletion of 
variable D (settling time) did not affect the coefficient of 
correlation significantly. In fact, the percentage drop in 
the coefficient of correlation due to the deletion of the 
settling time was only 7.08 x 1 o- 2 for the levels studied of 
variable D (settling time). Model 3 shows the deletion of 
variable D (settling time) and B (paddle speed) have more 
effect than when only variable D is deleted. The use of 
Model Number 5 to estimate the percentage removal in 
chemical coagulation is impractical because by dropping 
the effect of settling time (D) from Model 5 the 
coefficient of correlation is not significantly affected. 
Table 6. Step-wise multiple regression models. 
Models 4 and 3 are the best models to utilize for the 
estimation of the percentage removal of algae by coagula-
tion for the conditions under which the experiments were 
conducted. This is due to the fact that the deletion of any 
of the other remaining variables affects the coefficient of 
correlation. 
Effect of algal concentration on algal removal 
Effect of algal concentration on its removal 
at different alum dosages and temperatures 
The results of this series of experiments are pre-
sented in Table B-3, Appendix B. 
Figures 22, 23, and 24 show the effect of algal 
concentration on the percentage removal of algae by alum 
coagulation. The curves at an alum dosage of 20 mg/1 and 
at temperatures of 10°C, 20°C, and 35°C resemble 
Langmuir isotherms. The percentage removal of algae at 
an alum dosage of 20 mg/1 were generally increased as the 
concentration of algal cells were increased, up to certain 
concentrations at which a drop in the percentage removal 
of algae occurred. This occurred because insoluble 
aluminum hydroxide and other aluminum (AI III) poly-
mers were in excess at low algal concentration. As the 
algal cells concentration increased, the ratio of algal cells 
to that of alum floes were increased which led to an 
increase in the percentage removal of algal cells. When the 
concentration of algal cells was further increased, a 
decrease in the percentage removal occurred. The above 
explanation can be applied to the alum dosages of 40 mg/1 
at temperatures of 1 0°C and 20°C. However, the effects 
of an increase or decrease were much less as the ratio of 
algal cells in suspension to alum floes deviated from the 
ratio at an alum dosage of 20 mg/1. 
Model No. 
According 
to the Comp. Mathematical Model 
Coefficient 
of 
Correlation Analysis 
2 
3 
4 
5 
p = 
c = 
P = 5 6. 18 5 - 1. 116A - • 2 2 8 B + • 2 8 9 C + • 0 3 0 D + . 7 2 8 E 
P = 57. 609 - 1. 116A - • 228B + . 289C 
P = 50. 0 21 - 1. 116A 
P= 56.747 
P=32.581 
1. 116A 
+ • 289C 
+ • 728E 
+ • 728E 
+ • 728E 
+ • 728E 
0.8471 
0.8465 
0.8390 
0.8278 
0.6995 
Percentage removal of algae, A = Temperature, B = Paddle speed, 
Flocculation time, D = Settling time, E = Alum dosage. 
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Figure 24 shows that at a temperature of 35°C and 
at an alum dosage of 40 mg/1 there was a decrease in the 
percentage removal of algae. This occurred because the 
ratio of algal cells to the alum floes was already in excess 
of the effective limit. 
At an alum dosage of 80 mg/1 and at all tempera-
tures the ratio of algal concentration is at optimum. 
Hence, an increase in algal concentration increased the 
ratio of algal cells to the alum floes which reduced the 
percentage removal of algal cells. Alum floes were present 
in large quantities and any increase in algal concentration 
would decrease the efficiency of alum floes to remove the 
concentration of algal cells. 
Analysis of variance 
To determine the effect of algal concentration on 
the percentage removed, the study was designed as a three 
factor, complete factorial experiment. The percentage 
removal of algal cells was established as the dependent 
variable, and the independent variables were Tempera-
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Figure 22. Effect of algal concentration on its removal at 
different alum dosages and at temperature of 
I0°C. 
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ture, alum dosage, and algal cells concentration. The 
analyses of variances were presented in Table E-6, 
Appendix E. 
The effect of the alum dosage and temperature were 
found to be significant at a level of 1 percent. The most 
effective variable was the alum dosage followed by the 
temperature. The concentration of algal cells was also 
found to be significant at a level of 1 percent. 
The first order interactions between alum dosage 
and the temperature of the coagulated algae were found 
to be significant at the 1 percent level. The interactions 
between alum dosage and the concentration of algal cells 
were found to be significant at the 1 percent level. The 
interactions between temperature of the coagulated algae 
and the concentration of algal cells were found to be 
insignificant at the 5 percent level, but significant at the 
10 percent level. The interactions between the three 
variables were found to be insignificant. 
Regression analysis for algal removal vs temperature, 
alum dosage, and algal concentration 
Three mathematical models were used in an effort 
to construct a formula that can be used to estimate the 
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percentage removal of algal cells that would be obtained 
when the independent variables, temperature, alum 
dosage, and algal cells concentration are known. These 
models are: 
Linear model: P = b0 + b1 A+ b2E + b3G 
Logarithmic model: In P = b0 + b1 A+ b2E + b3G 
Multi-variable model: P = b0 + b1 A + b2 E + b3 G 
+ b4A2 + b5E2 + b6G2 + b7AE + b8AG + b9AEG 
in which 
p 
A 
G 
bo, 
is the percentage removal of algal cells 
is the temperature in °C 
is the algal cells concentration in mg/1 as VSS 
b1 , ... b9 are coefficients of the independent 
variables. 
Linear model. The computed (Hurst, 1973) linear 
model was: 
P =
41
70.35 - 0.54A + 0.40E- 0.45G (Model No. I) 
The coefficient of correlation (r) for this model was equal 
to 0.744, or R2 equal to 0.5537. When the independent 
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variable G (algal concentration) was deleted the model 
became: 
P = 68.39- 0.54A + 0.40E (Model No.2) 
The coefficient of correlation of this model was equal to 
0.740, or R2 equal to 0.5477. This indicates that the 
effect of algal concentration on the percentage removal is 
insignificant and can be eliminated from the equation 
without serious affect on the predicted percentage re-
moval of algae. 
If the independent variable A (temperature) was 
deleted the model became: 
P = 56.69 + 0.4E (Model No.3) 
The coefficient of this model is equal to 0.648, or R2 
equal to 0.420. This indicates that the temperature has a 
considerable effect on the estimation of the percentage 
removal of algae by Model No. 2. The regression analysis 
of the three linear models is represented in Table E-7, 
Appendix E. 
Logarithmic model. The computed logarithmic 
model was: 
ln P = 4.26- .86A + .61E- .14G (Model No. 1) 
The coefficient of correlation is equal to 0.703, or R2 
equal to 0.4945. If the algal concentration term G (algal 
concentration) is deleted the model becomes: 
ln P = 4.2 - .86A + .61 E (Model No. 2) 
The coefficient of correlation (r) is equal to 0.688, or R2 
equal to 0.4 74. This indicates that the algal concentration 
has no significant effect on the percentage removal of 
algae. This coincides with the linear model. However, if 
the temperature term is deleted the model becomes: 
ln P = 4.0 - .61 E (Model No. 3) 
The value of r = 0.595, or R2 = 0.355. This indicates that 
the effect of temperature is significant in the model. Table 
E-8, Appendix E, shows the regression analyses for these 
models. 
Multi-variable model. The simplified multi-variable 
model which has the least affect on the coefficient of 
correlation is: 
P = 44.59 + 1.62E- .12A2- .15E2- .42G2 + .71AEG 
(Model No. 1) 
The coefficient of correlation of this model 0.901, or R2 
is equal to 0.811. This model is considered one of the best 
to correlate the dependent and independent variables 
under study. If the last term from Model No. 1 is deleted 
the model becomes: 
P = 35.69 + 1.92E - .12A2 - .15E2 - .67G2 
(Model No.2) 
The coefficient of correlation of this model (r) = 0.83, 
or R2 = 0.689. 
If the algal concentration variable is deleted (G) the 
model becomes: 
P = 33.99 + 1.93E- .12A2- .15E2 (Model No. 3) 
The coefficient r = 0.823, or R2 = 0.678. This indicates 
that the effect of algal concentration on the mathematical 
model is insignificant. 
If the temperature variable is deleted the model 
becomes: 
P = 56.69 + 0.4E (Model No.4) 
The coefficient of correlation (r) = 0.649, or R2 = 0.421. 
This indicates that the temperature has a significant effect 
on Model No. 3. The analyses are presented in Table E-9, 
Appendix E. 
Conclusions from multiple regression analyses. 
From the three main models developed previously: 
Linear, logarithmic, and multi-variable models, the last 
one can be used effectively for the estimation of the 
percentage of algal removal. Model No. 1 of the multi-
variable models is. therefore, selected as the mathematical 
model for temperature, alum dosage, and algal concentra-
tion as independent variables and the percentage algal 
removal as the dependent variable in the model. This 
model is used because the coefficient of correlation is 
significant at a level of 1 percent while the value of r for 
other models is less and not significant at the 1 percent 
level. 
Adsorption phenomena of algal 
cells to alum floes 
To investigate the phenomenon of algal cells adsorp-
tion to alum floc in the chemical coagulation of algae by 
aluminum sulfate (AI2(S04 h • 18 H2 0), results (Table 
B-3, Appendix B) describing the effect of temperature, 
alum dosage, and algal cells concentration on the per-
centage removal of algae were utilized. Tables B-4, B-5, 
and B-6, Appendix B, show the algal removal in mg/1, the 
alum dosage, and the concentration of algae. Also these 
tables show the values of the ratio of adsorbate (X) to 
adsorbent (m) as well as the ratio of algal concentration 
(C) to maximum concentration (C 0 ) used in the 
experiments. 
is: 
The Langmuir adsorption isotherm (Moore, 1972) 
a = be 
in which 
() 
b 
c 
1 +bC 
is the fraction of the sites covered by the 
adsorbate 
is adsorption coefficient 
is the concentration of adsorbate. 
Adsorption can be measured in mg/1 of adsorbate to 
mg/1 of adsorbent. If x is the amount of adsorbate in mg/1 
and m is the amount of adsorbent in mg/1 then: 
X 
a=~ 
X 
in which X is the amount of adsorbate required to cover 
the surface with an adsorbed monolayer, or X is the 
monolayer capacity of the surface. Equation 1 can be 
written as: 
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or 
~ 
m bC 
X = 1 +bC 
X 
m 
bC 
l+bC 
At low concentrations, such as the concentrations 
used throughout the experiment reported herein, 1 + bC 
-+ 1, therefore: 
x = XbC = KC 
m 
This indicates that the amount adsorbed at low concentra-
tions is proportional to the concentration. which results in 
a linear adsorption isotherm. 
At high concentrations ~ - 1 
1+bC 
and therefore. ~=X 
m 
This indicates that the amount adsorbed IS independent of 
concentration. The overall relationship is shown in Figure 
25. 
X 
M' 
(I) LINEAR ADSORPTION ISOTHERM (AT 
LOW CONCENTRATION) 
(2) TRANSITION ADSORPTION ISOTHRM 
(3) INDEPENDENT ADSORPTION LINE (AT 
HIGH CONCENTRATION) 
CONCENTRATION 
! . x" M 
(3) 
Figure 25. Adsorption isotherms. 
Figures 26, 27, and 28 show a plot of the results 
given in Tables B-4, B-5, and B-6, Appendix B. When the 
value of the alum dosage is low the isotherm shows a 
straight line followed by the transition curve. This is 
because the concentration of algae as compared to that of 
the low alum dosage becomes relatively high. At alum 
dosages of 40 mg/1 and 80 mg/1 the isotherms are linear 
with excellent coefficients of correlation at temperatures 
of 10, 20, and 35°C. 
The slopes of the linear isotherms in Figures 26, 27, 
and 28 are approximately inversely proportional to the 
amount of the adsorbent or alum dosages used. For 
example, in Figure 26 the slopes at alum dosages of 20 
mg/1, 40 mg/1, and 80 mg/1 are 3.58, 1.75, and 0.98 
respectively. The ratio of the alum dosages is 1:2:4 as 
compared to the ratio of the slopes of the linear isotherms 
of 3.7:2:1. Considering the experimental errors, it is safe 
to assume that the slopes of the linear isotherms are 
inversely proportional to the amount of adsorbent or 
alum dosages. 
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10°C. 
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Therefore, it can be concluded that the following 
equation can be utilized to estimate the amount of algae 
adsorbed (removed by coagulation) at low algal 
concentrations: 
X= mKC 
in which 
X is the amount of algae adsorbed in mg/1 
is the amount of alum dosage in mg/1 m 
c 
K 
is initial algal concentration in mg/1 
is a constant which is a function of the type 
and concentration of adsorbate and adsorbent 
as well as temperature. 
K has the units of mg/1 ·and can be found 
experimentally. 
Figures 26, 27, and 28 show that the slopes of the 
linear isotherms are inversely proportion31 to the tempera-
ture of the coagulated algae; thus, better adsorption (algal 
removal) can be accomplished at low temperatures. 
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Figure 27. Algae adsorption isotherms at temperature of 
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CHEMICAL COAGULATION OF ALGAE IN 
LOGAN WASTEWATER STABILIZATION 
POND EFFLUENT 
Materials and Method 
Statistical design 
The main independent variable studied in the 
experiments was the temperature. The effects of tempera-
ture on alum dosage, settling time, flocculation time, and 
paddle speed were evaluated. Four complete factorially 
designed experiments were studied. Each experiment had 
two independent variables, one of which was the tempera-
ture of the coagulated wastewater from Logan's lagoons. 
The dependent variable in all the experiments was the 
percentage removal of algae. The two factorial experi-
mental designs are represented in Figure 29 which shows 
the variables and their levels. 
Wastewater stabilization ponds 
The Logan wastewater stabilization ponds are lo-
cated west of Logan City approximately 2.5 miles from 
the town center on State Highway 89. Figure 30 shows 
the layout of the ponds with the surface area and the 
effective volume of each cell pond. 
Experimental procedure 
Samples from Logan wastewater stabilization ponds 
were obtained for the experiments during the summer 
season of 1973 from cell E (Figure 30). Three 5-gallon 
plastic containers were used for sampling. Each container 
was filled by submerging the opening to a depth less than 
.----..Lc= __ ::;-----,-----r= ----r==-----r==-----=-, I 60 min (E 6 ) I [ 40 min (E 5 ) [ I 30 min (E4 ) I I 20 min (E3) I I 10 min (E2 ) I I 5 min (E 1) I 
Figure 29. Two factorial designs-variables and levels. 
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AI 95.1 
A2 95.0 
Bl 70.9 
82 72.3 
c 64.4 
0 39.4 
E 28.3 
TOTAL 465.4 
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CHLORINATION 
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7, 242,000 " 
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Figure 30. Flow diagram of Logan, Utah, wastewater 
stabilization lagoon. 
*inch to insure an adequate concentration of algae in the 
collected samples. Samples were transported immediately 
to the Utah Water Research Laboratory and stored in a 
refrigerator at temperatures below 5°C. The maximum 
storage period before samples were coagulated was 48 
hours. Samples were not taken during rainy or cold 
weather to avoid fluctuations in wastewater 
characteristics. 
A series of experiments were also performed to 
determine the removal of organic carbon turbidity and 
total phosphorus when algae are removed by chemical 
coagulation. Total organic carbon tests were used because 
the volume of the supernatant was insufficient to conduct 
the more conventional analyses. 
The experiment was a complete factorial designed 
with two independent variables on temperature and alum 
dosage. The dependent variables were: The percentage 
removal of algae, turbidity, total organic carbon, and total 
phosphate (as P). Jar tests to determine the removal 
efficiencies for carbon and phosphate were performed as 
follows: (1) Fast mixing at 100 rpm for 2 minutes 
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duration, (2) slow mixing at 30 rpm for 30 minutes, and 
(3) a settling time of 30 minutes. The supernatant from 
the coagulated wastewater was analyzed for determination 
of algae concentration, turbidity, organic carbon, and 
total phosphate (as P). 
Algal identification 
Samples of the wastewater used in the coagulation 
experiments were held for later identification of the algae 
by adding a preservative to the samples and storing them 
under refrigeration. All samples continued essentially the 
same genera distribution. Fifteen percent of the samples 
were found to contain debris, mainly dead algal and 
bacterial slime. Five percent contained diatoms, mainly 
Navicula Sp. Eighty percent contained Chlamydomonas 
Sp; 25 percent of which were vegetative and 75 percent 
were palmeloid. Occasionally, Euglena were observed 
(Vogelsburg, 1973). 
A second set of wastewater samples were obtained 
from the Logan wastewater stabilization ponds during 
September, 1973, using the same procedure discussed 
previously. The chemical characteristics and the algae 
genera were different from that wastewater used in the 
previous experiments. The most predominant algae were 
Chlamydomonas (palmeloid) 80 percent; 5 percent were 
Chlamydomonas (Vegetative); 5 percent were Euglena; 
and 5 percent were Diatoms (mainly Navicula Sp.); and 5 
percent were Anabaena (Vogelsburg, 1973). 
Wastewater characteristics 
Four analyses were performed to determine the 
general characteristics of the Logan wastewater stabiliza-
tion ponds during June, July, and August, 1973. Volatile 
suspended solids (VSS), total phosphorus, nitrate concen-
tration, pH value, and total alkalinity were measured. All 
tests in each analysis were carried out in accordance with 
"Standard Methods" (1971). The average of these results 
are presented in Table 7. 
The characteristics of the wastewater obtained from 
cell E of Logan wastewater stabilization ponds during 
September, 1973, are given in Table 8. 
Jar test procedure 
Five liter aliquots were taken from each of the three 
sample containers and thoroughly mixed. One liter of this 
mixture was then added to each of twelve 1.5-liter 
beakers. The beakers were then placed in a constant 
temperature water bath. Fresh alum solution (5 percent 
by weight) was prepared from powdered Al2(S04 h • 
18H20 and distilled-demineralized water for each set of 
experiments. The procedure for temperature control, 
alum addition, jar test procedure, and the removal of 
supernatant were identical to that described in the 
previous chapter. 
Table 7. Mean chemical characteristics of Logan waste-
water stabilization lagoon effluent. Sample col-
lected during June, July, and August, 1973. 
Type of Test Value in mg/1 
Volatile suspended solids 125 ± 15 
Phosphate as p 3. 85 ± 1. 20 
Nitrate N03 1. 1 
i: 0.23 
pH 8. 15 ± 0.05 
Total alkalinity 252 ± 10. 5 
Table 8. Mean chemical characteristics of Logan waste-
water stabilization lagoon effluent. Samples col-
lected during September, 1973. 
Type of Test Value in mg/1 
Volatile suspended solids 152.2 ±12.5 
Phosphate as P 3.4 I. 61 
Nitrate - N03 
o. 9 ± 0. 2 
pH 9. 05 - 9. 4 
Total alkalinity 220 - 240 
Prior to running any of the four complete factorial 
design experiments, jar tests were run on samples to 
determine the approximate coagulant dosage levels that 
should be used and the effect of such dosages on the pH 
of the coagulated wastewater. 
Determination of relative fluor-
escences and turbidity 
Relative fluorescence was determined by using a G. 
K. Turner Fluorometer, Model 110, as described in the 
previous chapter. 
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The turbidity was measured with a Hach tur-
bidimeter, Model 2100 A. 1 This is based on the measure-
ment of the light scattered at 90° with respect to the 
path of the incident white light sources. As this instru-
ment is not designed to measure the intensity of the 
incident, light suspension optical properties cannot be 
expressed as optical density. Therefore, the readings must 
be referred to as "standard." The manufacturer provides a 
"turbidity standard tube" for standardization. This is a 
Formazin colloid fixed in an acrylic resin. The turbidity 
of the "standard rod" is expressed in Formazin Turbidity 
Units (FTUXHach Chemical Company, 1973). The FTU 
has a value nearly the same as the Jackson Candle 
Turbidity Unit (JTU). 
Determination of total organic carbon 
Total organic carbon was determined by the use of a 
Beckman Total Carbon Analyzer Model 915. This instru-
ment consists of two furnaces: Low temperature furnace 
(150°C) for determination of inorganic carbon and high 
temperature furnace (950°C) for total carbon. Subtrac-
tion of the inorganic carbon from the total carbon gives 
the total organic carbon. Prior to using either of the two 
channels (total carbon or inorganic carbon) to analyze an 
unknown sample, the instrument was calibrated by 
injecting 20 microliters of standard solution containing 
100 mg/1 of carbon. Successive 20 microliters of the 
standard solution were injected until a linear reading 
0-100 mg/1 was obtained. Samples of wastewater were 
homogenized before being injected into the instrument. 
Total organic carbon was determined by subtraction of 
inorganic carbon concentration from the total carbon 
concentration (Cowan and Porcella, 197 I). 
Determination of total phosphate (as P) 
The total phosphorus concentration of the super-
natant obtained from the coagulation of effluent from the 
Logan wastewater stabilization wastes was determined by 
the persulfate method (Standard Method, 1971 ). A Basch 
and Lomb Spec 70 was used to measure the light 
transrni ttance. 
Results and Discussions-Algae Removal 
Determination of coagulant dosages 
A jar test was carried out to determine the levels of 
the alum dosages as well as the effect of such dosages on 
the pH of effluent. The results are given in Appendix C, 
Table C-1. 
Turbidity removal and algal removal expressed as 
the reduction in fluorescence yield similar solids removal 
1 Hach Chemical Company. Ames, Iowa. 
efficiencies. Figure 31 shows that there is no statistically 
significant difference between these two methods of 
assessing solids removals. At low alum dosages, flotation 
was observed which led to an increase in algal concentra-
tion as well as turbidity. This was due to the formation of 
small weak floes which were buoyant because of the gases 
produced by algae photosynthesis and biological action of 
bacteria and other living organisms. The alum dosage 
required to remove algae and turbidity was rather high 
because of several factors: (1) The high concentration of 
volatile suspended solids, (2) the high alkalinity of the 
wastewater which serves as a sink for the aluminum 
hydrolysis products, (3) the presence of phosphorus in 
higher concentration than that found in algae cultured in 
the laboratory, and ( 4) the pH is above the optimum 
range for alum. 
Figure 32 shows the effect of alum dosage on the 
pH which was lowered from 8.15 at zero alum dosage to 
6.0 at an alum dosage of 600 mg/1. 
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Figure 31. Percentage removal of algae and turbidity from 
Logan wastewater stabilization lagoon effluent 
by alum coagulation. 
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Analyses of variance 
The analyses of variance for the four complete 
factorial design experiments were performed with the 
program stored in the computer center library (Hurst, 
1973). The results of the analyses are presented in Tables 
E-10 to E-13, Appendix E. The results show that the 
influence of all variables on the percentage removal of 
algae from wastewater stabilization wastes were significant 
at the 1 percent confidence level. In addition, the first 
order interactions between temperature and alum dosage, 
temperature and settling time, temperature and floccula-
tion time, and temperature and paddle speed were 
significant at the I percent level. These results are in 
agreement with those found in the previous chapter 
utilizing laboratory grown algal suspensions. 
Effect of temperature and alum dosage on algal 
removal in Logan wastewater stabilization ponds 
The results of the two factorial experiments are 
represented in Table C-2, Appendix C. The two in-
dependent variables were temperature and alum dosage 
and the dependent variable was the percentage removal of 
algae from the wastewater. The fixed variables were: ( 1) 
Fast mixing at 100 rpm for 2 minutes, (2) slow mixing at 
30 rpm for 30 minutes, and (3) a settling time of 40 
minutes. These results are plotted in Figures 33 and 34. 
Figure 33 shows the effect of alum dosage on the 
percentage removal of algae at temperatures of 10°C, 
20°C, 25°C, 30°C, and 40°C. The alum dosages were 100 
mg/1, 200 mg/1, 300 mg/1, 400 mg/1, 500 mg/1, and 600 
mg/1. Algal removal ranged from about 84 percent to 95 
percent at all temperatures as alum dosages were increased 
from 100 mg/1 to 600 mg/1. Flotation occurred at 
temperatures of 20°C and above which caused an increase 
of algal cells in the supernatant. No algal removal was 
observed at 1 0°C at an alum dosage of 100 mg/1. Figure 
32 shows that the best percentage removals were at low 
temperatures at all levels of alum dosages. The pH of the 
coagulated wastewater ranged from 7.75 at an alum 
dosage of 100 mg/1 to 6.0 at 600 mg/1. Within this range, 
the optimum minimum solubility of aluminum hydroxide 
occurred (Buswell and Edwards, 1922). Therefore, the 
quantity of alum dosage was directly proportional to the 
quantity of aluminum hydroxide floes which actually 
were responsible for the precipitation of algal and other 
organic colloids in the wastewater. 
M AT IOOC 
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• AT 2 s-c ~ AT 3 oac 
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Figure 33. Effect of alum dosages on algal removal from 
wastewater stabilization lagoon effluent at dif-
ferent temperatures. 
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The removal of algal colloids and other organic 
matter as well as bacterial cells and other living organisms 
at low temperatures is better than at high temperatures. 
This is attributable to several factors: (1) The solubility of 
aluminum hydroxide is minimal at low temperatures, and 
at the same alum dosage, therefore, more insoluble 
aluminum hydroxide floes are present at low temperatures 
than at high temperatures, (2) the hydrophilic character-
istics of organic matter is less at low temperatures, (3) 
adsorption of polymers occur more at low temperatures 
than at high temperatures, (4) less gases are produced at 
lower temperatures by algae photosynthesis and biological 
action of bacteria and other organisms. Fewer gases exert 
less of an influence on the settleability of floes. 
Figure 34 shows the effect of temperature on the 
percent removal of algae at different alum dosages. These 
effects are near linearity with good coefficients of 
correlation. Floc flotation occurred at the alum dosage of 
100 mg/1. This notation increased from zero at 10°C to 
13.5 percent at 40°C. This effect was caused by the 
increased number and size of trapped gas bubbles within 
the small and weak algae floes. As alum dosages increase, 
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Figure 34. Effect of temperature on algal removal from 
wastewater stabilization lagoon effluent at dif-
ferent alum dosages. 
the influence of temperature on algal removal decreases 
because large numbers of aluminum hydroxide floes are 
formed which, in turn, lead to the formation of strong 
composite floes. The strength of these floes is due to the 
availability of larger surfaces of adsorption as well as to 
great numbers of bonds that cause bridging between algal 
colloids. 
The slopes of the curves presented in Figure 34 are 
directly proportional to the alum dosages. 
Effects of temperature and settling time on 
algal removal from Logan wastewater stabilization 
pond effluents 
Table C-3, Appendix C represents the percentage 
removal of algae from Logan wastewater stabilization 
ponds by alum coagulation. The statistical design of this 
experiment was illustrated in Figure 29. The dependent 
variable was the percentage removal of algae and the 
independent variables were temperature and settling time. 
Temperatures were maintained at 10°C, 20°C, 25°C, 
30°C, and 40°C. Settling times were 5, 10, 20, 40, 60, 
and 90 minutes. The fixed variables were: (I) An alum 
dosage of 300 mg/1, (2) fast mixing at 100 rpm for 2 
minutes, and (3) slow mixing at 30 rpm for 30 minutes. 
Figure 35 shows the effect of settling time of algal 
floes on percentage removal of algae. The relationships 
between the percentage removal of algae and settling time 
is near linearity for a given temperature with a good 
coefficient of correlation. At high temperatures such as 
40°C, the percentage removal was decreased from 45 
percent at 5 minutes settling time to 5 percent at 90 
minutes settling time. Removal of algae also deteriorated 
at temperatures of 30°C and 25°C as settling time 
increased; however, the deterioration was reduced as 
temperatures were decreased. At 25°C the reduction in 
algal removal due to the increased settling time was 
negligible. Tids phenomena has been explained previously. 
The production of gases at high temperatures by algae 
photosynthesis and biological action by bacteria and other 
organisms is high. In addition the solubility of gases in 
water is inversely proportional to water temperature. 
Therefore, gases have a great influence on the settleability 
of floes. Such an effect is even greater when the settled 
floes are weak for reasons discussed previously. 
Figure 35 shows an improvement in algal removal at 
low temperatures as settling time was increased. At 20°C 
algal removal was improved by 12 percent and by 3.5 
percent at 1 0°C as settling time was increased from 5 to 
90 minutes. ·This was due to the reduction in gas 
production and the increased solubility of gases at lower 
temperatures. In addition, the algal floes formed at low 
temperatures were strong and dense. An improvement in 
algal removal at low temperatures by increasing settling 
time was not very effective because the floes were so 
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Figure 35. Effect of settling time on algal removal from 
wastewater stabilization lagoon pond effluent 
at different temperatures. 
strong and dense. Such floes readily settled and the effect 
of settling time was negligible. 
Improvement in settleability by low viscosity and 
high temperatures were counteracted by gas production 
and the formation of weak uncompacted floes. 
Figure 36 shows the effect of temperature on algal 
removal from wastewater stabilization ponds at different 
settling times. The relationships between the temperatures 
and the percentage removals of algae are near linearity 
with excellent coefficients of correlation. For all settling 
times, algae removal was improved by decreasing the 
temperatures from 40°C to 10°C. For example, algal 
removal increased by more than 100 percent when 
temperatures were reduced from 40°C to 10°C at a 
settling time of 90 minutes and by 40 percent at a settling 
time of 5 minutes. The slopes of the curves presented in 
Figure 36 are directly proportional to the effect of 
settling time on the relationship between the temperatures 
and the percentage removal of algae. 
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Figure 36. Effect of temperature on algal removal from 
wastewater stabilization lagoon pond effluent 
at different settling times. 
Effect of temperature and paddle speed on algal removal 
from Logan wastewater stabilization pond effluent 
The results of this experiment are represented in 
Table C-4, Appendix C. The experiment was a two-factor, 
complete factorial design, with the percentage removal of 
algae as the dependent variable. The two independent 
variables were the temperature and the paddle speed of 
the "jar-test" apparatus. Experiments were conducted at 
10, 20, 25, 30, and 35°C. Paddle speeds were 10, 20, 30, 
40, 50, and 60 revolutions per minute (rpm). The 
conditions under which the tests were performed were: 
(1) Fast mixing at 100 rpm for 2 minutes, (2) alum dosage 
of 300 mg/1, (3) a settling time of 40 minutes, and (4) a 
flocc~lation time of 30 minutes. 
Figure 37 shows the effect of paddle speed variation 
on the percentage removal of algae from Logan waste-
water stabilization pond effluent at different 
temperatures- I 0°C, 20°C, 25°C, 30°C, and 40°C. 
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Algal removal at 40°C and a paddle speed below 25 
rpm showed an increase rather than a decrease in the 
concentration of algal cells observed in the supernatant of 
the coagulated wastewater. This was due to a decrease in 
the solubility of aluminum hydroxide floes which are the 
main mechanism in the coagulation of hydrophilic col-
loids (algae and other organic matter). This leads to the 
formation of weak and small floes. Gases are also released 
into the water at such high temperatures, due to algal 
photosynthesis and bacterial action. Therefore low paddle 
speeds had adverse effects under such conditions in two 
ways: (1) The frequency of floc collisions were reduced 
which caused the formation of large settleable floes, and 
(2) it prevented the release of small gas bubbles that had 
been trapped in the midst of the algal floes. With more 
turbulent action these bubbles would have been released. 
These small trapped gas bubbles cause the flotation of the 
small algae floes to which they are attached. As paddle 
speed increased, the trapped gas bubbles were released, 
and the frequency of floc collisions increased which 
caused the formation of large settleable floes and reduced 
the t1otation of small algal floes. This led to ·the 
percentage increase in the removal of algal cells. As paddle 
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Figure 37. Effect of paddle speed on algal removal from 
wastewater stabilization lagoon effluent at dif-
ferent temperatures. 
speeds continued to increase, the percentage removal of 
algae decreased. This was mainly due to the breakage of 
the floes by the turbulance of high paddle speeds. 
Concentrations of algae in the supernatant increased as 
paddle speeds were increased over 55 rpm because of the 
flotation of small floes. 
Figure 37 also shows a decrease in the percentage 
removal of algae at low paddle speeds at other tempera-
tures, 30°C, 25°C, and 20°C. This effect was directly 
proportional to the temperature of the coagulated waste-
waters. The adverse effect of high paddle speeds at the 
above mentioned temperatures (20°C, 25°C, and 30°C) 
on the percentage removal of algae was much less than at 
40°C. The optimum paddle speeds for removal of algal 
cells were between 30 rpm and 40 rpm. 
At the 1 0°C temperatures, there was no significant 
effect of paddle speeds on the percentage removal of 
algae. This is a result of the strong floes that are formed at 
low water temperatures. 
Figure 38 shows the effect of temperature on the 
percentage removal of algae from wastewater samples at 
different paddle speeds. The relationships are near 
linearity with good coefficients of correlation. Algal 
removal was improved by more than 150 percent as the 
temperatures of coagulated wastewater were reduced from 
40°C to 10°C at a paddle speed of 10 rpm, by 32 percent 
at a paddle speed of 40 rpm, and by 98 percent at a 
paddle speed of 60 rpm. These results indicate that the 
effect of temperature variation on algal removal is 
minimal at optimum paddle speeds as discussed previously 
(30 to 40 rpm). 
Effect of temperature and flocculation 
time on algal removal from Logan 
wastewater stabilization pond effluent 
The experiment was a two-factor, complete factorial 
design. The independent variables were temperature and 
flocculation time. The dependent variable was the per-
centage removal of algae by alum coagulation of Logan 
stabilization pond wastewater samples. The results of this 
experiment are presented in Table C-5, Appendix C. 
Factors kept constant during this experiment were: (I) 
Fast mixing at 100 rpm for 2 minutes, (2) slow mixing at 
30 rpm, (3) alum dosage of 300 mg/1, and (4) a settling 
time of 40 minutes. The results presented in Table C-5, 
Appendix are shown graphically in Figures 39 and 40. 
Figure 39 shows the effect of flocculation time on 
the percentag~ removal of algal cells from the wastewater 
at different temperatures, 10°C, 20°C, 25°C, 30°C, and 
40°C. Flocculation times were 5, 10, 30, 40, and 60 
minutes. 
Flotation was observed at the higher temperatures 
of 40°C and 30°C. An increase of 100 percent in the 
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Figure 38. Effect of temperature on algal removal from 
wastewater stabilization lagoon effluent at dif-
ferent paddle speeds. 
concentration of algal cells in the supernatant was 
observed for a flocculation time of 5 minutes at a liquid 
temperature of 40°C and a 68 percent increase was 
observed at 30°C. At 25°C there was no algal removal 
after 5 minutes of mixing. This was mainly caused by the 
type of floes produced and gas production as discussed 
previously in this chapter. At low flocculation times, the 
frequency of collisions was not enough to produce large 
settleable floes. The small weak floes produced were 
subjected to gas interference. As flocculation times were 
increased, the percentage algal removal was improved. 
Floc collision frequency increased as flocculation times 
were increased allowing gases to escape and not interfere 
with floc formation. The percentage removal of algal cells 
at temperatures of 20°C and 10°C were insignificantly 
affected by increasing the flocculation time. 
The optimum flocculation time at all temperatures 
was approximately 20 minutes. No significant improve-
ment in algal removal was achieved when longer periods 
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Figure 39. Effect of flocculation time on algal removal 
from wastewater stabilization lagoon effluent 
at different temperatures. 
were employed. It was also found that there was no 
deterioration in the percentage removal of algae as 
flocculation time was increased at all temperatures. 
Figure· 40 shows the effect of temperature on the 
percentage removal of algae at different flocculation 
times. The percentage removal of algae was improved 
nearly 190 percent by reducing the temperatures from 
40°C to 1 0°C at a flocculation time of 5 minutes, by 60 
percent at a flocculation time of 20 minutes, and 
approximately 40 percent at flocculation times of 30, 40, 
and 60 minutes. 
The slope of the lines presented in Figure 40 are 
directly proportional to the effect of flocculation time on 
the percentage of algal removal. 
Step-wise multiple regression analysis 
A step-wise multiple regression analysis technique 
was utilized to develop mathematical models of the 
dependent and independent variables evaluated in the 
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wastewater stabilization lagoon effluent at dif-
ferent flocculation times. 
study of algal removal from Logan wastewater stabiliza-
tion pond effluents by chemical coagulation. The com-
puter program for this analysis was obtained from the 
computer center library (Hurst, 1973). 
Regression analysis for algal removal 
vs temperature and alum dosage 
The multiple linear regression model was found to 
be the most satisfactory mathematical model for the con-
ditions studied. The proposed model is: 
in which 
p 
A 
is the percentage removal of algae 
is the temperature of the coagulated waste-
water in °C 
D is the alum dosage in mg/1 
b0 , b1 , and b2 are variable coefficients. 
The computed model was: 
P = 8.02 - 0.82A + 1.89D (Model No. 1) 
The coefficient of correlation r was found to be 0.947**, 
or R2 = 0.897 which is significant at the 1 percent level. 
When the temperature variable was deleted the 
model was: 
P = -12.36 + 1.89D (Model No.2) 
The coefficient of correlation, r, was 0.918**, or R2 = 
0.843 which is also significant at the 1 percent level. The 
small decrease in the coefficient of correlation indicates 
that the effect of alum dosage on the percentage removal 
of algae was more important than that of the temperature. 
Table E-14, Appendix E, shows the analysis of 
variance for the following two models. 
Regression analysis for algal removal 
vs temperature and settling time 
The following multiple linear regression model was 
found to be a satisfactory mathematical model: 
P = b0 + b1 A+ b2 E 
in which 
P and A are as defined above 
E is the settling time in minutes 
bo, b 1 , b2 are variable coefficients 
The computed model was: 
P = 119.25 - 2.08A- 0.175E (Model No. 1) 
The coefficient of correlation, r, was 0.925**, or R2 
0.855 which is also significant at the 1 percent level. 
When the settling time variable was deleted the 
model became: 
P = 112.81- 2.09A (Model No.2) 
The coefficient of correlation, r, was 0.897**, or R2 
0.805 which is also significant at the 1 percent level. 
Table E-15, Appendix E, presents the analysis of 
variance for the two models. The results indicate that 
both variables were important. However, the effect of 
temperature on algal _removal from wastewater stabiliza-
tion ponds was more significant than the effect of settling 
time. 
Regression analysis for algal removal 
vs temperature and paddle speed 
Three mathematical models were used in an effort 
to formulate the relationships of algal removal to tempera-
ture and paddle speed. 
Linear model: P = b0 + b1 A+ b2B 
Logarithmic model: ln P = b0 + b 1 A+ b2B 
Multi-variable model: P = b0 + b 1 A+ b2B + b3A2 + 
b5·A4 + b6 B5 + b8B4 + bgAB 
in which 
P and A are as defined previously 
B is the paddle speed in revolutions per minute 
(rpm) 
b0 , b 1, b 2, ... b9 are the coefficient of variables 
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The computed linear mathematical model was dis-
regarded because the coefficient of correlation was quite 
low (r = 0.36, or R2 = 0.13). 
The logarithmic model was not as significant as the 
linear model and also was disregarded (r = 0.24 or R 2 = 
0.058). 
The multi-variable model was found to have a 
coefficient of correlation equal to 0.809, or R2 equal to 
0.655. However, the regression analysis showed that the 
model could be simplifled without signiflcantly modifying 
the coefficient of correlation. Therefore, the simplified 
model was adopted for the studied conditions. This model 
is: 
P = b0 + b 1 A + b3 A 2 + b4 A 3 + b6 B5 + b9 AB 
or 
P = 19 + 11.03A- 0.64A2 + .79A3- .13B5 
+ .50AB (r = 0.801 *) (Model No. I) 
If variable B (settling time) is deleted, then the model 
becomes: 
P = 18.9 + 1 0.88A- .56A2 + .68A3 (r = 0.690) 
(Model No.2) 
If the last term from Model No. 2 is eliminated, the value 
of the coefficient of correlation is reduced to 0.627. 
Furthermore, if the last two terms of Model No. 1 are 
eliminated, the value of r will be reduced to 0.36. 
Table E-16, Appendix E, shows the regression 
analysis of the above mathematical models. The results 
indicated that the temperature exerted a greater effect on 
the percentage removal of algae than the paddle speed. 
Regression analysis for algal removal vs 
temperature and flocculation time 
To develop a mathematical model for the estimation 
of the percentage removal of algal cells from Logan 
wastewater stabilization ponds under the· studied condi-
tions, three models were used: Linear, logarithmic, and 
multi-variable models. The multi-variable model was 
found to have the highest coefficient of correlation. This 
model was: 
P = b0 + b1 A+ b2C + b3A2 + b4 A
3 + b5A4 + b6C5 
+ b8C4 + b9 AC 
in which 
P and A are as defined previously 
C is the flocculation time of the jar test paddles 
b0 , b 1 , ... b9 are the coefficients of the variables. 
This model has a coefficient of correlation equal to 
0.707, or R2 = 0.500 which is statistically significant at 
the 10 percent level. Regression analysis showed that a 
simpler model could be utilized without a marked drop in 
the coefficient of correlation. The simplified model was: 
or 
P = 25.79 + 10.46A- .61A2 + .78A3- .33C5 + .55AC 
(Model No. 1) 
The coefficient of correlation of this model was 0. 700, or 
R 2 = 0.489 which is statistically significant at the 10 
percent level. 
When the effect of flocculation time was deleted in 
Model No.1 the new model became: 
P = 33.81 + 4.23A- 0.12A2 (Model No.2) 
This model has a coefficient of correlation equal to 
0.469, or R2 = .220 which is not statistically significant at 
the 10 percent level. 
However, the analysis showed that if the second 
term of the right side of Model No. 2 was deleted the 
model would be improved. The new model was: 
P= 60.72- .18A2 (Model No.3) 
which had a coefficient of correlation equal to 0.65, or 
R2 = 0.422. 
The regression analysis presented in Table E-17, 
Appendix E shows that the effect of temperature is more 
important on the percent reduction of algae than that of 
the flocculation time. 
Results and Discussion-
Algae, Turbidity, Total Organic Carbon, 
and Total Phosphorus Removals 
Experimental design and analysis of variance 
The experiments were performed according to a 
two-factor, complete factorial design as shown in Figure 
29. The independent variables were temperature (A) and 
alum dosage (E). The dependent variables were: Per-
centage removal of algae (P), turbidity (T), total organic 
carbon (0), and total phosphorus (S). 
The results of the analysis of variance are presented 
in Tables E-18, E-19, E-20, and E-21, Appendix E, for the 
four dependent variables. The temperature of the coagula-
ted wastewater (A), the alum dosage (E), and their first 
order interactions (AE) were significant at a confidence 
level of 1 percent for the algae, the turbidity, the total 
organic carbon, and total phosphorus. 
Removal of algae, turbidity, total 
organic carbon (TOC) and total phosphorus 
The percentage removals of algae, turbidity, TOC, 
and total phosphorus obtained using dosages of alum of 
100, 200, 300, 400, 500, and 600 mg/1 at temperatures of 
1 0°C', 20°C, and 40°C are presented in Tables D-1, D-2, 
and D-3, Appendix D, respectively. These results are 
shown graphically in Figures 41, 42, and 43. 
Figure 41 shows that there is no significant differ-
ence in the percentage removal of algae, turbidity, TOC, 
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Figure 41. Variation in the percentage removal of algae, 
turbidity, total organic carbon and phosphorus 
with alum dosages at a temperature of 10°C. 
and total phosphorus as the alum dosages were increased 
from 100 mg/1 to 600 mg/1 at a temperature of 1 0°C. The 
percentage removal was improved by approximately 60 
percent for algae, turbidity, and total phosphorus, and by 
50 percent for TOC, as the alum dosages were increased 
from 100 mg/1 to 300 mg/1. No significant increase in the 
removal of the four components was observed as alum 
dosages were increased from 300 mg/1 to 600 mg/1. 
Therefore, the optimum alum dosages for the removal of 
all four components at a temperature of 1 0°C is 300 mg/1. 
The percentage removal of the four components was 
approximately 35 percent at an alum dosage of 100 mg/1 
and about 97 percent at a dosage of 600 mg/1 for the 
algae, turbidity, and the total phosphorus, and 87 percent 
for TOC. 
Figure 42 shows that at a temperature of 20°C the 
removal of the algae and turbidity were improved from 
about 7 percent to about 90 percent as the alum dosage 
was increased from 100 mg/1 to 600 mg/1. With the same 
alum dosages increase and temperature of the coagulated 
wastewater, the improvement was increased from about 4 
percent to 76 percent for the TOC and from 53 to 95 
percent for the total phosphorus. In other words, by 
increasing the alum dosages from 1 00 mg/1 to 600 mg/1, 
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the percentage removal improvements were 83 for the 
algae and turbidity' 72 for the roc, and 42 for the total 
phosphorus. Figure 42 shows, also, that improvement in 
the percentage removal of algae, turbidity, and roc was 
continued as long as the alum dosages were increased. The 
optimum alum dosage for the removal of total phosphorus 
was 500 mg/1 above which no improvement in the removal 
of phosphorus was noted. 
It was observed that an improvement in the removal 
of the total phosphorus at an alum dosage of 100 mg/1 
occurred as the temperature of the coagulated wastewater 
increased from 10°C to 20°C. However, Tables D-1 and 
D-2, Appendix D, show that the initial total phosphorus 
concentration of the wastewater coagulated at 1 0°C was 
1.61 mg/1 and at 20°C was 2.604 mg/1, which makes a 
comparison difficult. This difference in initial concentra-
tion makes it difficult to consider other possible factors; 
i.e., temperature, mixing, etc. 
Figure 43 shows that there was an increase in the 
roc and algae in the supernatant at an alum dosage of 
100 mg/1 and a temperature of 40°C. The removal was 
improved from -4 percent to 75 percent as alum dosages 
were increased from 100 mg/1 to 600 mg/1 for algae, from 
2 percent to 69 percent for turbidity, from -10 percent to 
so 
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Figure 43. Variation in the percentage removal of algae, 
turbidity, total organic carbon, and phos-
phorus with alum dosages at a temperature of 
40°C. 
68 percent for roc, and from 20 percent to 96 percent 
for total phosphorus. In other words, at a temperature of 
40°C, component removal improved when alum dosages 
were increased from 100 mg/1 to 600 mg/1 by the 
following percentages: 79 percent for algae, 67 percent 
for turbidity' 78 percent for roc, and 76 percent for 
total phosphorus. 
The results presented in Figures 41, 42, and 43 
show that the percentage removals of all components were 
increased by increasing alum dosages. The percentage 
removal of algae and turbidity were very close for all alum 
dosages and temperatures studied {10°C, 20°C, and 
40°C). The removal of TOC is nearly parallel to that of 
algae and turbidity, but somewhat less. Removal of total 
phosphorus was more complete than any of the other 
components (algae, turbidity, and TOC), especially at 
temperatures of 20°C and above. The similarity between 
algae, turbidity' and roc removals is attributable to the 
fact that all three are composed mostly of hydrophilic 
colloids. Total phosphorus, however, is made up of two 
components: Organic phosphorus (consists of about 75 
percent of the total phosphorus) and inorganic phos-
phorus (orthophosphate P04 -3 ), which comprises about 25 
percent of total phosphorus). Therefore, the removal 
mechanism of total phosphorus is somehow different 
from that of the other organic components. 
Effects of temperature on the removal of 
algae, turbidity, and total phosphorus 
Figures 44, 45, and 46 show the effect of tempera-
ture on the removal of algae, turbidity' roc, and total 
phosphorus at alum dosages of 200 mg/1, 400 mg/1, and 
600 mg/1, respectively. 
Figure 44 shows that at an alum dosage of 200 mg/1, 
the removals of the four components were improved as 
the temperatures of the coagulated wastewaters were 
reduced from 40°C to 1 0°C. This improvement ranged 
from 6 percent to 65 percent for the algae; from 6 percent 
to 69 percent for the turbidity; from 20 percent to 73 
percent for the TOC; and from 58 percent to 88 percent 
for the total phosphorus. These results indicate that there 
were no significant differences in the percentage improve-
ments in removals between the algae, the turbidity, and 
the roc as the temperatures of the coagulated waste-
waters were reduced from 40°C to 1 0°C. However, 
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improvement in the removal of total phosphorus was 
nearly one half that of the other components. These 
results support the point made previously that the 
presence of the orthophosphate in the wastewaters causes 
the coagulation of the total phosphorus to deviate from 
that of the other organic components. Figure 44 presents 
a family of four straight lines, the slopes of which indicate 
the effectiveness of the temperature on the removal of the 
respective components, i.e., the slopes of these lines are 
directly proportional to the effect of the temperature on 
the removal of the components which they represent. 
There is no significant difference in the slopes of the lines 
for the removal of algae, turbidity, or TOC. But the slope 
of the line for the total phosphorus removal has a value 
approximately one-half that of the others. This means 
that the effect of the temperature on the removal of the 
total phosphorus was less than that exerted on the other 
components. 
Figure 45 shows the effect of temperature on the 
removal of algae, turbidity' roc, and the total phos-
phorus at alum dosages of 400 mg/1. As the temperatures 
a.. 
_, 
~ 
0 
.... 
Q 
ZIO 
c 
(.) 
0 
.... 
~ 90 
..... 
Q 
iii 
a: 
~ 80 
11.1 
c 
C!) 
_, 
c 70 
"" 0 
_, 
~ 
~ 60 
11.1 
a: 
REMOVAL 
_...JIOu.f ______ YL...-_ ____L_ 
)( ALGAE 104.97-1.20X -0.970 '"• 
--+--TURBIDITY 114.45-1.71X -0.993 '"* 
-·-o--- TOC 95. 14-1.31X -0.854 ... 
_ .. .._ .. _TOTAL 
PHOSPHOROUSIOO.OO-Q.46X -0.92QH 
45~--~~--~~--~---~W 
10 20 30 
TEMPERATURE ° C 
Figure 45. Effect of temperature on percentage removal 
of algae, turbidity' roc, and total phosphorus 
at an alum dosage of 400 mg/1. 
of the coagulated wastewaters were reduced from 40°C 
to 1 0°C, the removal was improved from 57 percent to 96 
percent for the algae, from 45 percent to 97 percent for 
the turbidity' from 43 percent to 90 percent for the roc, 
and from 82 percent to 96 percent for the total 
phosphorus. Turbidity removal showed the greatest im-
provement which probably was a result of the high 
turbidity reading at 40°C caused by the presence of 
insoluble, unsettled aluminum hydroxide floes. The least 
improvement in removal was total phosphorus which was 
similar to that occurring at an alum dosage of 200 mg/1. 
The slopes of the lines presented in Figure 45 indicate the 
effect of the temperature on the removal of each 
component. There are no significant differences in the 
slopes of the lines for the removal of algae, turbidity, or 
TOC. However, the slope of the line representing the 
removal of the total phosphorus is about 30 percent of 
the others. 
Figure 46 shows the effect of temperature on the 
removal of algae, turbidity, total organic carbon, and the 
total phosphorus at an alum dosage of 600 mg/1. As the 
temperatures were reduced from 40°C to 1 0°C, the 
removal was increased from 80 to 96 percent for the 
algae, from 75 to 96.5 percent for the turbidity, from 71 
to 84 percent for the roc, and decreased from 97 to 95 
percent for the total phosphorus. The decrease in phos-
phorus removal was not statistically significant. 
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Figure 46. Effect of temperature on percentage removal 
of algae, turbidity, TOC, and total phosphorus 
at an alum dosage of 600 mg/1. 
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Temperature effects on the removal of algae, tur-
bidity' and roc by chemical coagulation were similar and 
were discussed previously. The effect of temperature 
decreased as the alum dosages were increased. The effect 
of temperature on the removal of total phosphorus was 
almost 50 percent that observed for the other three 
components at alum dosages of 200 mg/1, 30 percent at 
alum dosages of 400 mg/1, and nearly 0 percent at alum 
dosages of 600 mg/1. 
Step-wise multiple regression analysis for algae, 
turbidity' roc, and total phosphorus 
Three mathematical models were used to formulate 
the relationships between the removal of algae, turbidity, 
roc, and total phosphorus and alum dosage and tempera-
ture. They included: 
Linear model: P = b0 + b 1 X1 + b2X2 
Logarithmic model: ln P = b0 + b1 X1 + b2X2 
Multi-variable model: P = b0 + b1 X1 + b2X2 + b3XJ 2 
+ b4X13 + bsX14 + b6X22 + b7X23 + bsX2 
+ b9XI x2 
in which 
p is the percentage removal of algae, turbidity, 
TOC, or total phosphorus 
is the alum dosuge in mg/1 
is the temperature in °C 
A comparison of the three models showed that the 
multi-variable model had a significantly higher coefficient 
of correlation than the linear or the logarithmic models. 
Therefore, the multi-variable model and its simplified 
forms were adopted for the step-wise regression analysis 
to select the most practical and simple model to use for 
estimating the percentage removal of algae, turbidity, 
roc, and total phosphorus from wastewater stabilization 
lagoon effluents. 
Step-wise multiple regression 
analysis for algal removal 
This analysis has been done previously in this 
chapter, but under different experimental conditions and 
different wastewater characteristics. It is repeated here for 
the purpose of comparison with the other three com-
ponents: Turbidity, TOC, and total phosphorus. 
Table E-22, Appendix E shows a summary of the 
step-wise regression analysis for three simplified models 
which are: 
P = 34.31 + .93 x 1o-3x12- 0.12 x 1o-sx1
3 
-0.67 x Io-2x23 + .15 x 1o-3x 2
4 (Model No.1) 
The coefficient of correlation for this model is 0.95**, or 
R2 = 0.900. 
P = 43.3 + .19 x 1o-3x 12- 0.46 x 1o-
3x 23 (Model No. 2) 
This model has a coefficient of correlation of 0.82*, or 
R2 = 0.68. 
The third model in which the effect of the 
temperature was deleted is: 
P = 31.91 + 0.19 x 1o-3x12 (Model No.3) 
The coefficient of correlation is 0.72, or R2 = .52. For 
practical purposes, any of the three models can be used to 
estimate the percentage algal removal. However, Model 
No. 1 yields an excellent coefficient of correlation, and 
the use of this model should yield the most reliable 
estimates of algae removal from wastewater stabilization 
lagoon effluents. 
Step-wise multiple regression 
analysis for turbidity 
The regression analysis is presented in Table E-23, 
Appendix E. Three models were selected which had the 
advantages of simplicity and reasonably high coefficients 
of correlation. These models are: 
p = 26.46 + .26Xl - 1.49X2- .27 X 10-{;X1 3 
(Model No. 1) 
The coefficient of correlation of this model is 0.95**, or 
R2 = 900. The second model: 
P = 46.33 + 0.14X1 - 1.49X2 (Model No.2) 
This model is simply a linear model with a coefficient of 
correlation of 0.92**, or R2 = 0.85. When the effect of 
temperature was deleted, the third model became: 
P = 11.51 + 0.141X1 ~Model No.3) 
The coefficient of correlation is 0.73, or R = 0.53. For 
practical purposes, Models No. 1 and No. 2 should yield 
useful results. 
Step-wise multiple regression 
analysis for TOC 
The analysis is presented in Table E-24, Appendix 
E. The following three models were selected: 
P = 38.4 + O.l3X1 - .84 x 1o-2x23 + .19X24 (Model No. 1) 
The coefficient of correlation is 0.93* *, or R 2 = 0.86. 
P = 19.67 + O.l3X1 - 0.46 x 1o-3x23 (Model No.2) 
The coefficient of correlation for this model is 0.85*, or 
R2 = 0.723. If the effect of the temperature is neglected, 
the model becomes: 
P = 8.54 + 0.13X1 (Model No. 3) 
The coefficient of correlation for this model is 0.73 orR 
= 0.540. 
For the best results, Models No. 1 or ·2 shoqld be 
used to estimate TOC removal. However, Model No.3 can 
be used as a rough approximation if temperature is 
neglected. 
Step-wise multiple regression 
analysis for total phosphorus 
The analysis of regression is presented in Table 
E-25, Appendix E. Four models were selected from the 10 
models used in the original analysi~. These models are: 
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P = 22.41 + 0.31X1 + .19 x 1o-2x2 - .35 x 1o-3x12 
-.52 x 1o-3x 23 (Model No. 1) 
The coefficient of correlation is 0.94**, or R 2 = 0.89. 
P = 15.54 + o.35X1 - .24 x 1o-3x23- .35 x 1o-3x12 (Model No.2) 
The coefficient of correlation is 0.92**, or R2 = 0.85. If 
the effect of temperature is neglected then the third 
model becomes: 
P = 9.77 + 0.35X1 - .35 x Io-3x1 2 (Model No.3) 
The coefficient of correlation is 0.87*, or R2 = 0.76. If 
the third term of the right hand side of Model No. 3 is 
deleted then: 
P = 42.40 + 0.1X1 (Model No.4) 
The coefficient of correlation is 0.79 or R2 = 0.62. 
From the above four models it can be concluded 
that the effect of temperature is not very significant in the 
removal of algae, turbidity, or TOC. For practical pur-
poses, Model No. 2 can be used when the effect of 
temperature is included and Models No. 3 or 4 can be 
used if the effect of the temperature is neglected. 
Correlation between the removal of algae and 
turbidity, TOC, and total phosphorus 
This study was mainly concerned with the removal 
of algae; however, it would be useful to establish 
relationships between algal removal and the removal of 
turbidity, total organic carbon, and total phosphorus. It is 
hoped that with such correlations, estimation of the 
removal of the other components can be predicted. 
Algae vs turbidity 
A linear relationship was developed between the 
percentage removal of turbidity and algae from samples of 
Logan wastewater stabilization pond effluent using alum 
coagulation at different temperatures. Table 9 shows 
the equation of the linear relationships between the 
removal of turbidity and the removal of algae. These 
results are also presented in Figure 4 7. Table 9 shows that 
the best correlation is that of Model No. 1 at a 
temperature of 10°C followed by Model No. 4, which is 
independent of the temperature. 
Algae vs total organic carbon (TOC) 
Figure 48 shows the linear correlation between the 
percentage removal of TOC and the percentage removal of 
algae at temperatures of 10°C, 20°C, and 40°C. These 
models are presented in Table 10. The results showed 
good coefficients of correlation for all models. In the 
absence of information about the temperature of the 
wastewater being coagulated, Model No.4 is recommended. 
Algae vs total phosphorus 
Figure 49 shows the linear relationships between the 
percentage of total phosphorus removal and the algal 
removal at temperatures of 10°C, 20°C, and 40°C. The 
models of such correlations are presented in Table 11. 
There are variations between the models because the total 
phosphorus reacts differently, as has been discussed 
previously. 
estimated. The estimation made by Shuckrow, Dawson, 
and Olesen {1971) for physical-chemical treatment of 
combined wastewaters was used as the basis for this 
estimate. Cost adjustment tables in Engineering News 
Records (March, 197 4) were used to modify the estimate 
to reflect 1974 costs. 
Economic Studies 
Capital costs 
Based on the data developed in the laboratory 
studies, preliminary estimates relating to capital and 
operating costs for a 10 mgd treatment plant are 
The capital cost estimates are presented in Table 12. 
The total capital cost is $500,000, and amortization of 
Table 9. Linear correlation of the percentage removal of turbidity and the percentage removal of algae from Logan 
wastewater stabilization pond effluent. 
--=-======================================================== 
Model 
No. 
1 
2 
3 
4 
Temperature 
oc 
10 
20 
40 
Regardless of 
temperature 
Mathematical Model 
T = 1. 78 + 0. 99 P 
T = 4. 64 + 0. 7 82 P 
T = 0. 87 + 0. 835 P 
T = 1. 70 + 1. 02 P 
T = percentage removal of the turbidity as FTU 
P = percentage removal of the algae as VSS 
Coefficient of 
Correlation 
( r) 
o. 999>:,>:, 
0. 998>:,>:, 
0. 978>:,>:, 
0. 982 >:,>:' 
Table 10. Linear correlation between the percentage TOC removal and algal removal from Logan wastewater stabilization 
pond effluent. 
Model Temperature Mathematical Model 
Coefficient of 
Correlation 
(r) No. 
1 
2 
3 
4 
oc 
10 
20 
40 
Regardless of 
temperature 
TOC = 2. 41 + 0. 9 P 
TOC = 2. 88 + 0. 78 P 
TO C = - • 3 13 + 0. 8 6 P 
TOC = -4. 097 + 0. 948 P 
0. 995>!o!' 
0. 97 4>!,>!, 
0. 935>!,>:, 
0. 966 >:o:' 
TOC = percentage removal of total organic carbon as carbon 
P = percentage removal of the algae as VSS 
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such a capital investment over a 25-year period at 6 
percent interest results in an annual payment of $40,000; 
or, on the basis of the rated capacity of the plant, a 
treatment cost of 1.1 ¢per 1000 gallons of wastewater. 
Operating costs 
Chemical cost estimates arc based on an averi.lge 
alum dosage of 400 mg/1, and on the usage of liquid alum 
which is generally cheaper than the granual alum usually 
loca11y available. The cost of liquid alum is $4.6 x 1 o-3 
per I 000 gallons. Power and labor are estimated at 2.5¢ 
per 1000 gallons. Therefore, total cost of operation is 
2.96¢ per I 000 gal. or nearly 3¢ per 1000 gal. 
Total treatment costs 
By adding the capital costs to the operation costs, 
the total estimated price for algal removal is 4.1¢ per 
I 000 gal. of treated wastewater or $41.00 per million gal. 
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Figure 49. Correlation between percentage removals of 
algae and total phosphorus from Logan waste-
water stabilization pond effluent. 
Table 11. Linear correlation of the percentage removal of total phosphorus vs. the percentage removal of algae from 
samples of the Logan wastewater stabilization pond effluent. 
=================================================================-
Model 
No. 
1 
2 
3 
4 
Temperature 
oc 
10 
20 
40 
Regardless of 
temperature 
Mathematical Model 
s = 4. 378 + 0. 955 p 
s = 59. 686 + 0. 417 p 
s = 32. 595 + o. 835 p 
s = 42. 28 + . 6 p 
S = percentage removal of total phosphorus as P 
P =percentage removal of algae as VSS 
Coefficient of 
Correlation 
(r) 
0. 985):~):~ 
0. 925 ):o:~ 
0. 950):~):~ 
0. 867):~ 
Table 12. Estimate of capital for algal removal treatment plant using alum coagulation (10 mgd design capacity). 
--==================================================T=================~--
Items 
Chemical storage tanks 
Chemical dosage equipment 
Agitators 
Pumps 
Flocculation- sedimentation unit 
Piping, instrumentation and control equipment 
Dewatering equipment 
Subtotal 
Auxiliary components and contingencies (30 percent) 
Total Capital 
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stimated Cost ($) 
$ 20,000 
50,000 
25,000 
25,000 
110,000 
50,000 
100, 000 
$380, 000 
120,000 
$500,000 
SUMMARY AND CONCLUSIONS 
Summary 
The review of literature revealed that the most 
promising method of extracting algae from natural waters 
and wastewater stabilization ponds was chemical coagula-
tion. This method and several others including flotation, 
microstraining, a charged field, filtration, sonic vibration, 
ion exchange resins, and centrifuges have been used at the 
University of California, Berkeley. Chemical coagulation 
has the advantage of requiring relatively simple equip-
ment. This is very important in developing and under-
developed countries. These prior studies revealed that 
alum effectively coagulates algal cells in suspensions. 
The main goal of this study was to provide a better 
insight into the chemical process involved in the coagula-
tion of algae found in natural waters and wastewater 
stabilization pond effluents. To accomplish this, a better 
understanding was sought of the variables that affect the 
chemical coagulation of algae. Temperature was the main 
variable studied and its effects upon other variables such 
as coagulant concentration, paddle speed, flocculation 
time, and settling time were evaluated. 
The investigation consisted of two series of tests: 
(I) Studies of algal suspensions cultured in the laboratory 
under conditions similar to that of natural waters, and (2) 
studies of coagulation of algae found in Logan wastewater 
stabilization pond effluent. 
In these experiments it was not only deemed 
desirable to observe the main effects of temperature in the 
process but also the interactions between variables. By 
means of the analysis of variance and tests of significance, 
complete factorially designed experiments were utilized to 
determine the quantitative analysis of significances of 
main effects and interactions between variable factors. 
Each factor was studied over and above experimental 
errors that might occur through analytical and procedural 
techniques. Already existing step-wise multiple regression 
computer programs were used to develop mathematical 
models for combinations of variables. Temperature and 
alum dosages were the two main variables represented in 
all the models. 
Samples of cultured algae from the laboratory and 
effluent from Logan wastewater stabilization lagoons were 
coagulated by the common jar-test technique. The jar-test 
apparatus consisted of two sets of multistirrer paddles 
(each set is composed of 6 paddles) which were placed in 
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a large water bath to control the temperature during the 
chemical coagulation of algal suspensions by alum. Con-
centrations of algae before and after coagulation were 
determined by measuring volatile suspended solids. 
Standard Methods {1971) were used to determine the 
total organic carbon, total phosphorus, and volatile 
suspended solids. To overcome the disadvantages of the 
small volume of effluent obtained from each jar test, VSS 
concentrations were correlated with measurements of 
relative fluorescence. 
Conclusions 
Coagulation of algae mechanisms 
It was found that the coagulation of algae was 
caused mainly by the insoluble floes of aluminum 
hydroxide. Other aluminum (AI III) species also have 
coagulation properties but are far less effective. The 
destabilization of algal colloids was the result of enmesh-
ment within the hydroxide precipitates, or by adsorption 
of coagulant species. Neutralization of the pH-dependent 
charges of algal cells is not necessary for coagulation, but 
neutralization of such negative charges aid coagulation. 
Hence, the mechanisms of algal coagulation by alum are 
tabulated here according to their importance: 
1. Enmeshment with insoluble aluminum 
hydroxide precipitates. 
2. Adsorption by aluminum hydroxide and other 
polymers which causes bridging that leads to the forma-
tion of large floes that eventually precipitate. 
3. Neutralization of the negative charge which 
alone will not satisfactorilly remove algal cells. 
Coagulation of algae in practice 
This study shows the importance of temperature in 
practice to the coagulation of algae cultures or algae 
present in wastewater stabilization ponds. In arid regions 
and in places where great variations in temperatures are 
expected between seasons or even during the day, 
attention should be given to the alum dosage, paddle 
speed, flocculation time and settling time as they relate to 
the ambient temperature. 
During cold seasons, a saving in alum dosage 
accompanied by a reduction in flocculation time as well as 
settling time can be expected without affecting the 
efficiency of algal removal. In warm seasons, more alum is 
required to obtain a high efficiency of algal removal. Also, 
attention must be given to use the optimum ranges of 
paddle speed, flocculation time, and settling time. Any 
deviation from these optimized ranges will lead to a 
reduction in algal removal efficiency. 
Experimental design for algae 
cultured in NAAM medium 
The following conclusions were drawn from the 
computation of analysis of variance: 
1. The most significant variable was alum dosage 
(E), followed by temperature of the coagulated algal 
suspension (A), then by flocculation time (C), paddle 
speed (B), and settling time (D). 
2. All first order interactions were significant at a 
confidence level of 1 percent except interactions between: 
(I) Paddle speed and flocculation time (BC), {2) paddle 
speed and alum dosage (BE), and (3) flocculation time 
and settling time {CD). 
3. The second order interactions between ABC, 
ABD, ACE, and ADE were significant at a confidence 
level of 1 percent. These interactions included either the 
temperature alone or together with alum dosage. These 
results were caused by the fact that alum dosage and 
temperature were the most important variables. Inter-
actions between BCD and CDE were significantly im-
portant at a confidence level of 5 percent, while there 
were no significant interactions between ACD, BCE, and 
BDE. 
4. At a confidence level of 1 percent, there were 
significant interactions between ABCE and BCDE. There 
were no significant interactions between ABCD, ABDE, 
andABCDE. 
Mathematical models 
The mathematical models for the estimation of the 
percentage removal of algal cells corresponding to the 
variables studied were: 
P = 56.185- 1.116A- .228B + .289C +.03D + .728E 
(A, B, C, D, and E are as identified previously.) This is a 
linear mathematical model with coefficient of correlation 
of 0.84 71. Step-wise multiple regression analysis showed 
that B and D can be neglected without significant 
influence on the model. 
Effect of temperature on algal removal 
Increased temperatures adversely affected the per-
centage removal of algal cells by alum coagulation. In 
other words, at low temperatures better algal removal was 
achieved. This is because: 
1. At low temperatures, the solubility of aluminum 
hydroxide floes is minimal. 
2. At low temperatures, the hydrophilic character-
istics of organic colloids are reduced. 
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3. Adsorption of algae to aluminum hydroxide and 
other hydrolysis product polymers is increased at low 
temperatures. 
4. At low temperatures, production of gases due to 
algae photosynthesis and bacterial and other organisms 
action is decreased. 
5. Solubility of produced gases at low temperatures 
is increased. 
Effect of temperature and alum 
dosage on algal removal 
The temperatures of coagulated algal suspensions 
greatly affect the percentage removal of algae at low alum 
dosages, since the quantity of aluminum hydroxide floes 
are reduced. The influence of temperature was reduced 
dramatically as alum dosages were increased. In other 
words, the amount of alum required to remove a certain 
percentage of algal suspensions was proportional to the 
temperature of the suspension. 
Effect of temperature on the 
settleability of algal floes 
1. Algal removal is improved at temperatures of 
20°C and below as settling time is increased from 20 
minutes to 80 minutes. At temperatures higher than 
20°C, an increase in settling time adversely affects the 
settleability of floes. 
2. Optimum settling time for "jar-test" conditions 
was found to be 30 minutes at nearly all temperatures. 
Effect of temperature and paddle 
speed on algal removal 
1. Optimum paddle speed for all temperatures was 
about 30 rpm. 
2. The effect of increasing paddle speed was in-
versely proportional to the temperature of the algal 
suspension. In other words, a decrease in the percentage 
removal of algae was observed at higher temperatures as 
paddle speeds were increased. 
Effect of temperature and flocculation time 
on percentage removal of algae 
1. The optimum flocculation time was approxi-
mately 40 minutes. 
2. At temperatures of 1 0°C, 20°C, and 35°C, the 
percentage of algal removal was improved as flocculation 
time was increased. 
3. Percentage improvement of algal removal as 
flocculation time was increased was directly proportional 
to the temperature of the algal suspension. 
Algal concentration 
Analysis of variance 
The following was concluded from the analysis of 
variance: 
1. The most influential factor in alum removal by 
chemical coagulation was alum dosage (E) followed by the 
temperature of the effluent (A) and then by algal 
concentration (G). 
2. The first order interactions between AE and AG 
were found to be significant at a confidence level of 1 
percent. Interactions between AG and AEG were 
insignificant. 
Regression analysis of algal removal vs 
temperature, algal concentration and alum dosage 
The analysis indica ted that there were three possible 
mathematical models for the estimation of the percentage 
removal of algae: Linear, logarithmic, and multi-variable 
models. 
The multi-variable mathematical model was found 
to have the highest coefficient of correlation-0.901. The 
model is: 
P = 35.69 + 1.92E- 0.12A2- .15E2- .67G2 
Langmuir's isotherm for algal removal 
The following equation was derived from Lang-
muir's isotherm, after it was found that at low concentra-
tions of algal cells, the straight line portion of Langmuir's 
isotherm can be obtained from the experiment of algal 
removal at different algal concentrations. The equation 
for Langmuir's isotherm is: 
in which 
X 
m 
c 
K 
X=mKC 
is the amount of algae adsorbed in mg/1 
is the amount of alum dosage in mg/1 
is the initial concentration of algae in mg/1 
is a constant which is a function of the type 
and concentration of adsorbate and adsorbent 
as well as temperature of the medium. 
Algae of Logan wastewater stabilization lagoon 
1. Alum was effective in removing algae from 
Logan wastewater stabilization pond effluent. However, 
high alum dosages were required which might not be 
justified economically. 
· 2. Most significant (at the 1 percent level of 
confidence) of the main effects were alum dosage, 
temperature, flocculation time, paddle speed, and settling 
time. 
3. The first order interactions that were significant 
were those between temperature and alum dosage, tern-
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perature and settling time, temperature and flocculation 
time, and temperature and paddle speed. 
Effect of temperature and alum 
dosage on algal removal 
The following conclusions were reached: 
1. The most efficient removals occurred at low 
temperatures (1 0°C) at all levels of alum dosages. 
2. The influence of temperature on algal removal 
decreased as alum dosages increased. 
A]fects of temperature and 
settling time on algal removal 
The following conclusions can be presented: 
1. At low temperatures, _algal removal improved as 
settling time increased. However, such improvement was 
not significant at such low temperatures (I 0° to 20°C). 
2. At high temperatures such as 40°C, the per-
centage removal decreased significantly as settling time 
was increased (about 40 percent at 90 minutes settling). 
Effects of temperature and 
paddle speed on algal removal 
The foil owing conclusions were reached: 
1 . Low and high paddle speeds (below 25 rpm and 
above 50 rpm) had an adverse effect at high temperatures 
(40°). 
2. The optimum paddle speeds for removal of algal 
cells was between 30 rpm and 40 rpm. 
3. At low temperatures (10°C), there was no 
significant effect of paddle speeds on the percentage 
removal of algae. 
Effects of temperature and 
flocculation time on algal removal 
The following conclusions were applicable: 
1. The removal of algae at temperatures of 20°C 
and 1 0°C were insignificantly affected by increasing the 
flocculation time, especially at a temperature of 1 0°C. 
2. Optimum flocculation time at all temperatures 
was approximately 20 minutes. 
3. There was no deterioration in the algal removal 
as flocculation time was increased at all temperatures. 
Step-wise multiple regression analysis 
The following mathematical models are 
recommended: 
1. Percentage removal of algae (P) = 8.02 - 0.82 
temperature (°C) (A) + 1.89 alum dosage (mg/1) (E) (r = 
0.947**). When the effect of temperature is neglected, 
the following model is recommended: 
P = -12.36 + 1.89E (r = 0.918**) 
2. For the model that includes the effect of 
temperature and settling time the following model may be 
used: 
P = 119.25- 2.08A- 0.175D(D =settling time 
in minutes) (r = 0.925**) 
If the effect of settling time is neglected, the following 
model is recommended: 
P = 112.81 - 2.09A (r = 0.897**) 
3. The model that includes temperature and paddle 
speed is: 
P = 19 + 11.03A- 0.64A2 + 0.79A3 - 0.13B5 + 0.5AB 
where B is the paddle speed in rpm (r = 0.801 *) 
4. The following mathematical model is recom-
mended for the temperature and flocculation time effect: 
P = 25.79 + 10.46A- 0.61A2 + 0.78A3 - 0.33C5 
+ 0.55AC (r = 0.7) 
where C is the flocculation time in minutes. 
Algae, turbidity, total organic carbon, and total 
phosphorus removal from Logan wastewater stabilization 
pond effluent 
The following conclusions were made: 
1. Most significant of the main effects are those of 
alum dosage and temperatures. 
2. Interactions between alum dosage and tempera-
ture for all dependent variables (algae, turbidity, TOC, 
and total phosphorus) were significantly important at the 
confidence level of 1 percent. 
3. The optimum alum dosage for the removal of 
algae, turbidity, TOC, and total phosphorus was 300 mg/1 
at a temperature of 10°C. At temperatures of 20°C and 
40°C, alum was effective at all dosage levels. 
4. The best removal occurred at low temperatures 
(1 0°C) for algae, turbidity, TOC, and total phosphorus. 
5. The percentage removal of algae and turbidity 
was very close at all alum dosages and temperatures. 
6. The percentage removal of TOC nearly paralleled 
that of the algae and the turbidity, but TOC removal was 
somewhat less. 
7. The percentage removal of total phosphorus was 
greater than that obtained for algae, turbidity, and TOC at 
all alum dosages and temperatures. 
8. Temperature significantly affected the removal 
of algae, turbidity, and TOC. The effect on the removal of 
total phosphorus was much less (negligible) at high alum 
dosages. 
9. By step-wise multiple regression analysis, the 
following mathematical models were obtained: 
a. p = 34.31 + 0.93 X 1o-3E2- 0.21 X 1o-3E3 
- 0.67 x 1o-2 A2 + 0.15 x 10·3 A4 (r = 0.95**) 
When the effe~t of temperature was neglected: 
P = 31.91 + 0.19 x 1Q-3E2 (r = 0.72) 
b. T = 46.33 + 0.14E- 1.49A (r = 0.92**) 
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When the effect of temperature was neglected: 
T = 11.51 + 0.141E (r = 0.73) 
c. TOC = 38.4 + 0.13E- 0.84 x 1o-2A2 + 0.19A4 
(r = 0.93**) 
When the effect of temperature was neglected: 
TOC = 8.54 + 0.13E (r = 0.73) 
d. s = 15.54 + 0.35E- o.24 x 1o·3 A3- .35 x 1o·3E2 
(r = 0.92**) 
When the effect of temperature was neglected: 
s = 9.77 + 0.35E- 0.35 X 1 o-3E2 (r = 0.87*) 
in which 
p 
T 
TOC 
s 
A 
E 
is the percentage removal of algae 
is the percentage removal of turbidity 
is the percentage removal of TOC 
is the percentage removal of total phosphorus 
is the temperature in °C 
is the alum dosage in mg/1 
10. Correlation between the percentage removal of 
algae and turbidity, TOC, and total phosphorus were 
found to be independent of temperature and were as 
follows: 
a. T = -1.70 + 1.02P 
b. TOC = -4.097 + 0.948P 
c. S = 42.28 + 0.60P 
in which 
(r = 0.982**) 
(r = 0.966**) 
(r = 0.867**) 
P, T, TOC, and S are as defined in Item 9. 
Area for Further Study 
The entire field of algae coagulation requires con-
centrated investigation, and several areas of particular 
interest are listed below: 
1. The effect of the culture medium on the removal 
of algae by chemical coagulation at various temperatures. 
2. The effect of the temperature at which the algal 
suspension is grown on the temperature and alum dosage 
required to obtain optimum removal. 
3. The effect of the light intensity at which the 
algae were cultured on the coagulation of algae at various 
temperatures. 
4. The effect of temperature on algae coagulation 
when polyelectrolytes are used with alum and other 
metallic coagulants. 
5. The effect of temperature on the coagulation of 
algae of different genera. 
6. The study of other variables such as alkalinity, 
pH, presence of P04 in high concentrations ... etc., and 
temperature in order to determine the interactions be-
tween these variables. 
7. The effect of temperature on the economics of 
algae coagulation. 
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APPENDIX A 
COMPOSITION OF NEW ALGAL ASSAY (NAAM) 
Table A-1., Composition of NAAM medium in terms of 
reagents used in preparation. 
Compound Concentration ~g/1 
NaN03 
25500 
K 2HP04 1044 
MgC12 5700 
Mg SO 
4
. 7H20 14700 
CaC12 . 2H20 4410 
NaHC0 3 1500 
H 3Bo3 185.52 
MnC12 264.264 
ZnC12 32.709 
CoC12 0.780 
CuC12 0.009 
Na2M 0o 4 . 2H20 7.260 
FeC13 96.000 
Na2EDTA. 2H20 300.000 
Source: National Eutrophication 
Research Program Environmen-
tal Protection Agency, 1971. 
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Table A-2. Composition of NAAM medium by elements. 
Element Concentration in 1.1. g /1 
N 4200 
p 186 
Mg 2904 
s 1911 
Ca 1202 
Na 11001 
K 469 
B 32.460 
Mn 115.374 
Zn 15.691 
Co 0.354 
Cu 0.004 
Mo 2. 878 
Fe 33.051 
Source: National Eutrophication 
Research Program Environmen-
tal Protection Agency, 1971. 

APPENDIXB 
RESULTS OF EXPERIMENTAL DESIGN-ALGAE 
Table B-1. Algal concentration in mg/l vs. relative fluorescence units. 
Sample Replicants Suspended Solids Volatile Suspended Fluorescenc e 
Ns in mg/1 Solids in mg /1 Units x 30 
R1 91. 67 87.00 129 
1 
R2 96.33 90.33 129 
2 R1 79.75 77.00 114 
R2 81. 25 78.25 114 
3 Rl 51. 50 51. 00 82 
R2 56. 00 53.25 82 
4 R1 42.25 42.50 63 
R2 41. 33 40.00 63 
5 R1 34. 00 33.50 51. 5 
R2 31. 80 32.00 51. 5 
6 Rl 26.75 26.00 43 
R2 19.67 26.00 43 
R1 15. 00 15.25 23 
7 
R2 15. 17 14.67 23 
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Table B-2. Percentage removal of algae cultured in NAAM media. 
Temperature Flocculation Time 
10°C 
Paddle Speed l 0 Min. 2 0 1\tlin. 40 :0v1i n. 
20 RPM Rl R2 Rl R2 Rl R2 
8 
p.. 
p.. 23.25 29.36 34.03 38.60 80.24 85.21 
0 
Q) N 
Cl) 
~ 0 s 
·~ ~ p.. ~ s p.. 67.06 70.93 82.29 80.69 86 . 68 96. 11 
0 ~ 0 
N ...-4 ~ ~ 
s 
p.. 
p.. 86.93 91. 27 90 .5 3 93. 94 92.82 94.2 
0 
00 
s 
p.. 
p.. 20.09 37. 18 6 9. 19 72.05 82. 16 89. 11 
0 
Q) 
Q) N s Cl) 
·~ ~ 0 s ~ ·~ ~ p.. ' . 
bJ) ~ s p.. 70.42 76. 14 88.73 93.56 88.68 95.94 ~ 
·~ 0 ~ 0 
...-4 ~ ...-4 ~ 
-+-> ~ -+-> Q) 
U) s 
p.. 90.26 95.68 90.00 96.55 94.3 95.23 p.. 
0 
00 
s 
p.. 
35.33 36.89 70. 97 74.47 87.46 86.51 p.. 
0 
Q) N 
Cl) 
d 0 s 
·~ ~ p.. ~ 8 p.. 73.89 78. 05 92.03 91.97 90.68 94.68 
0 ~ 0 
00 ...-4 ~ ~ 
s 
p.. 94. 11 94.07 93.82 94.38 93.82 94.92 p.. 
0 
. . 00 
,,, 
,,,Initial algae concentration 51 mg /1. 
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Table B-2. (Continued). 
T emp era tur e Flocculation Time 
10°C 
Paddle Speed 10 Min. 2 0 1\1in. 4 0 Min. 
30 RPM Rl R2 R R2 R1 R2 1 
s 
p.. 
p.. 35.41 42. 13 70.00 68.35 68.68 74.68 
0 
Q) N 
(fl 
~ 0 s 
• r-l ~ p.. 
~ s p.. 90.56 75.05 83.71 85.96 85. 16 87.86 
0 ;j 0 
N ~ ~ 
<t; 
s 
p.. 
p.. 90.00 9 3 .34 94.65 92.33 93.7 95.33 
0 
co 
s 
p.. 51. 52 49.28 70.69 71. 29 74.69 78.69 p.. 
0 
Q) Q) N s (fl 
•r-l ~ 0 s f--1 
•r-4 ~ p.. 
bJ) ~ s p.. 85.41 84.80 88.00 88.48 92.32 84.72 ~ 0 • r-4 0 ;j ~ ~ ~ ~ 4-l 
<t; 4-l 
Q) 
rJJ. s 
p.. 90.66 94.93 94.66 92. 19 96.72 94.72 p.. 
0 
co 
s 
0.. 63.72 64.39 70.36 75.29 84.72 89.45 p.. 
0 
Q) N 
(fl 
~ 0 s 
•r-4 ~ p.. 83.97 89.88 92.63 95.00 95. 1 93.25 ~ s 0.. 
0 ;j 0 
co ~ ~ 
<t; 
s 
p.. 95.64 93. 17 95.65 97.33 96.23 95.94 p.. 
0 
co 
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Table B-2. (Continued). 
Temperature Flocculation Time 
l0°C 
Paddle Speed l 0 1'-;Iin. 20 J\,fin. 40 J\:lin. 
50 RPM Rl R2 Rl R2 Rl R2 
8 
~ 
~ 45.41 57.53 62.08 60.74 68.8 70.09 0 
(]) C"J 
Ul 
~ 0 s 
•rl Q ~ ~ 8 0... 82.64 84.22 82.89 83.93 72.85 83.65 
0 ::; 0 
C"J .-I ~ 
-< 
s 
~ 
~ 88.25 90. 1 81. 30 83.38 78.23 80.4 0 
00 
s 
~ 
~ 56.70 61. 7 61. 79 71. 31 71. 59 7 0. 11 
0 
(]) (]) N s Ul 
•rl ~ 0 s E-t 
...... Q 0... 
b.O ~ s 0... 85.66 87.23 86.21 84. 19 80.02 79.55 !=l 
•rl 0 ::; 0 
.-I ~ .-I ~ ~ 
-< ~ (]) 
(f) 8 
0... 
0... 92.83 94.22 85.20 88.86 85.08 82.7 
0 
00 
8 
0... 
0... 57.43 66. 18 68.98 78.98 I 71. 59 76.68 
0 
(]) N I' 
Ul 
I ~ 0 s 
...... Q 0... 
86. 34 i ~ s 0... 90.84 84.84 85.60 80. 31 84. 18 
0 ::; 0 
00 .-I ~ 
-< s I 
0... 
I 0... 93. 12 94.88 87.52 90.95 86.08 88.91 
0 
I 
00 
--
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Table B-2. (Continued). 
Temperature Flocculation Time 
20°C 
Paddle Speed l 0 Min. 20 Min. 40 J:v1i n. 
Rl R2 Rl R2 Rl R2 
s 
p.. 
p.. 21.22 28.54 34.2 36.02 57.00 47. 10 
0 
Q) N 
tl) ;--- ,_... 
~ 0 s 
·r-1 ~ p.. ~ s p.. 66.20 68.20 85. 21 74.20 79. 19 82.95 
0 ~ 0 
N ~ ~ ~ 
s p.. 
p.. 80.82 93. 12 85.00 95.56 93.81 91.76 
0 
00 
s 
p... 
p... 26.56 31. 62 48. 12 50. 16 55. 17 60.64 
0 
Q) 
<L> 
N 
s tl) 
•r-1 ~ 0 s ~ 
•r-1 ~ p... 
b.O ~ s p... 73.78 68.62 87.07 89.73 81. 07 86.9 ~ 0 •r-1 0 ~ 
.-I ~ .-I ~ +> ~ +> Q) 
(/) s 
p... 89.24 91. 20 91. 74 90.29 85.88 90.71 p... 
0 
00 
s 
p... 31. 07 38. 15 70.96 66.84 50.69 54.39 p... 
0 
<L> 
N 
tl) 
~ 0 s 
•r-1 ~ p... ~ s p... 72.77 76.69 83.55 89.95 84. 19 78.43 
0 ~ 0 00 ~ ~ 
s 
p... 89.24 95.7 91.27 90.74 90. 13 89.85 p... 
0 
00 
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Table B-2. (Continued). 
Temperature Flocculation Time 
20°C 
Paddle Speed 10 Min. 20 rv1in. 40 rvlin. 
30 RPM R1 R2 Rl R2 Rl R2 
s 
~ 
~ 
0 
21. 80 23. 1 39.20 45.60 50.90 52.3 
(I) N 
tl.l 
d 0 s 
•.-I Q ~ ~ s ~ 77. 17 67.54 80.21 83.2 80.9 81. 24 
0 I :::1 0 
N i .-i ~ I ~ 
s 
~ 
~ 90.83 82.05 85.03 90.86 91. 68 93.66 0 
00 
s 
~ 
~ 35.47 31. 11 4 7. 13 50.67 60.64 57.82 
0 
(!) (I) N E tl.l 
•.-I d 0 s f-4 
...... Q ~ 
b.O ~ s ~ 76.32 74.74 82.75 81. 68 83.7 85.65 ~ 
•r-1 0 :;j 0 ~ ~ ~ ~ 4-l ~ -1-l Q) 
U) s 
~ 90.21 91.67 91. 91 90.22 89.4 90.2 ~ 
0 
00 
s 
~ 
~ 18. 41 21. 03 30.48 40.00 42.01 40.70 
0 
(!) N 
tl.l 
~ 0 s 
•r-1 I Q ~ ~ s ~ 71.02 78.37 84.92 82.35 86.9 87.03 
0 ~ 0 
00 .-i ~ ~ 
E 
~ 92.67 91.75 89.33 90. 66 90.8 92.94 ~ 
0 
00 
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Table B-2. (Continued). 
Temperature Flocculation Time 
20°C 
Paddle Speed l 0 lviin. 20 lv1in. 40 Min. 
50 RPM Rl R2 R R2 Rl R2 1 
s 
p... 
p... 15. 81 16.67 27.34 28.82 24.87 26.63 
0 
I N 
I 
Q.) 
(J) 
ci 0 s 
•rl C1 p.. 
~ s p.. 67.02 67.02 82.29 82.87 52.67 50.55 
0 ;j 0 
N r-4 ~ ~ 
s 
p... 
p... 84.80 80.70 77. 15 81. 35 72.22 81.40 
0 
00 
s 
p... 
p.. 10. 69 27.70 37.25 34.25 32.06 34.33 
0 
(J) (J) N s (J) 
•-I 
ci 0 s ~ .,.... C1 p.. 
b.O ~ 8 p.. 69.64 65.78 68.00 76.34 69.33 67.48 ~ 
•r-1 0 ;j 0 
r-4 ~ r-4 ~ ..j...) ~ ..j...) (J) 
UJ s 
p.. 
83.23 81.70 83.78 87.62 73.67 72. 18 p.. 
0 
00 
8 
p.. 
21.34 22.82 ~ 37.43 74.00 40. 18 43.03 
0 
(J) N 
(J) 
cl 0 8 
•r-1 ~ ~ ~ s ~ 77. 18 67.00 80.83 78.98 64.03 63.88 
0 
.E 0 00 ~ ~ 
s 
~ 86.87 88.93 90.48 86.09 75.71 74.78 p.. 
0 
00 
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Table B-2. (Continued). 
Temperature Flocculation Time 
35°C 
Paddle Speed 10 Min . 20 1v1in . 40 I\1in . 
20 RPM Rl R2 Rl R.2 R1 R2 
8 
p.. 
p.. 
0 
18.78 9.45 16.87 18. 11 30.8 32. 1 
a> 
N 
CJl 
~ 0 8 
•r-1 ~ p.. ~ 8 p.. 6 3. 81 65.68 70.48 61. 89 71. 68 73.88 
0 ;j 0 
N ~ ~ 
<:t: 
8 
p.. 
p.. 82. 65 84.74 
0 
84.08 85.51 86.79 90.00 
00 
8 
p.. 
p.. 9.23 11. 6 7 12.87 16.35 24.6 20.71 
0 
a> (]) N 8 CJl 
•r-1 ~ 0 s E-i 
•r-1 ~ p.. 
00 ~ s p.. 58.25 57.00 62.35 60. 10 69.08 70.00 ~ 
•r-1 0 ;j 0 ~ ~ ~ ~ 4-l 
<:t: 4-l 0) 
U) s 
p.. 
7 8. 18 82.78 83. 16 87.20 90. 12 82.20 ~ 
0 
00 
s 
~ 6. 51 8.64 ~ 13.87 12. 00 20.87 14.23 
0 
a> 
N 
CJl 
!=i 0 s 
•r-1 ~ ~ ~ 8 ~ 50.81 53.95 55.80 50.66 62.89 64. 15 
0 ;j 0 
00 ~ ~ 
<:t: 
s 
p.. 
80.87 78.95 ~ 81.92 85.89 83.23 80.00 
0 
00 
76 
Table B-2. (Continued). 
T e mperatur e 
35°C 
Flocculation Time 
Paddle Speed 1 0 lvli n . 20 N.li n . 4 0 1v1i n . 
30 R P M R1 R2 Rl R2 R1 R2 
8 
p.. 
p.. 15.77 14 .87 17.20 19.35 31. 8 35.6 
0 
Cl) N 
(/.) 
~ 0 8 
- ~ ~ p.. ~ 8 p.. 54 .00 52.00 73.78 62.48 7 1.49 74.63 
0 ~ 0 
N ..-I ~ 
<G 
8 
p.. 
p.. 7 9 .25 82.24 89.73 84.89 87.94 8 1. 36 
0 
00 
8 
p.. 
8. 6 7 19.28 28. 8 5 p.. 11. 19 14.47 24.60 
0 
Cl) N 
8 Cl) (/.) 
·~ ~ 0 8 E-4 
•r-4 Q p.. 
bi.l ~ 8 p., 54.20 65.20 60.29 62.31 68.25 70.46 ~ 0 ·~ 0 ~ 
..-I ~ ..-I ~ -1-l ~ -4J C) 
U) s 
p.. 83.43 74.36 84.17 88.20 81. 21 85.86 p.. 
0 
00 
8 
p.. 5.52 10.30 20.47 9. 81 15. OS 26.25 p.. 
0 
Cl) N 
(/.) 
cl 0 8 
•r-4 Q p.. ~ 8 p.. sz. 1 a 5 I. 98 53. 12 52.50 64.25 65.25 
0 ~ 0 
00 ....-1 ~ ~ 
8 
p.. 
78.89 80.58 80.7 85.9 86.90 80.20 p.. 
0 
00 
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Table B-2. (Continued). 
Temperature 
35°C 
Flocculation Speed 
Flocculation Time: l 0 Min. 2.0 Min. 40 Min. 
50 Min. R1 R2 R1 R2 R1 R2 
8 I p.. 
p.. 83. 11 76. 16 78.52 73.34 78.46 71. 00 
0 
Q) N 
til 
!=! 0 s 
•r-1 0 p.. ~ 8 p.. 51. 09 54.09 56.99 53.07 77.07 52.21 
0 ~ 0 
N .-1 '<;fi ~ 
8 p.. 
p.. 14.54 8.47 16.86 9. 17 17. 51 21. 58 
0 
co 
8 
p.. 
p.. 82.94 78.07 80.26 75.53 7 5. 66 69.61 
0 
Q) Q) N 8 til 
•r-1 !=! 0 8 E-t 
...... 0 p.. 
b.O ~ 8 p.. 54.67 46.07 4.96 51. 26 79.87 53.60 ~ 
•.-I 0 ~ 0 
.-1 
'<;fi .-1 ..qt ~ 
~ ~ Q) 
"(f) 8 
p.. 
7.38 11. 28 14. 81 8.35 23. 12 9.75 p.. 
0 
co 
8 p.. 
73.29 82.81 83.37 71. 00 80.77 68.78 p.. 
0 
Q) N 
til 
~ 0 8 
•r-4 0 p.. ~ s p.. 47.74 33.07 45.69 57. 19 63.05 52.21 
0 ~ 0 
00 .-1 '<;fi ~ 
8 
p.. 
7.81 6.42 5.25 9.75 3.40 14.05 p.. 
0 
00 
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Table B-3. Complete factorial design for algal concentration, alum dosage, and temperature. 
-u 
-q 
0 
...... 
4...) 
ro 
~ 
4...) q 
(]) 
u q 
0 
u 
.-I 
~ 
.-I 
< 
Temperatures (A) 
l0°C (A
1
) I 2o
0 c (A
2
) I 35°C (A 3) 
Alum Dosages (ppm) (B) 
20 40 80 20 40 80 20 40 80 
(B 11) (B12) (B13) (Bz1) (B22) (BzJ) (B31) (B32) (B33) 
...-l 46.35 84. 55 92. 86 38.21 79.74 94.70 28.89 85.43 84.67 ~ 
0 
u 
N 69.92 82. 93 95. 38 43.90 82.58 92.42 28. 89 81. 56 84.67 ~ 
...-l 56.30 86. 79 92. 12 48. 17 82.56 93.84 32.84 79.73 83.33 0 ~ u 
00 
0 N 71. 54 81. 54 94. 22 50.20 85.80 92.89 37. 16 77.78 82.22 ~ 
...-l 66. 12 89.8491.60 54.61 86.74 94.95 40.85 76.30 81. 11 
0 ~ u 
"' . N 76.9 6 78.3291.60 58.67 84.85 89.90 60.09 74.44 79.63 0 ~ 
...-l 84.76 91. 87 89. 50 67.48 90. 31 92.42 62.22 7 5. 16 81. 11 0 ~ u 
..qt 
0 N 81. 71 79.6787.39 61. 38 86.74 88.64 64. 96 75. 16 81. l t ~ 
...-l 81.71 83.7483.19 72.39 88.37 88.64 57.95 67. 16 78. 89 0 ~ u 
N 
0 N 79.67 75.6187.39 75.61 84.85 84.85 62. 22 74.44 78.89 ~ 
-0~ 71.54 71. 54 7 8. 99 75.61 84.50 84.85 42.99 62.60 72.89 
u 
-. 
0 N 71.54 75.6183.19 75.61 84.50 77.27 51. 53 63.33 72.89 ~ 
R represents replication; Co is initial mean concentration= 83. 13 
mg/1. Results reported in percentage removal. 
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Table B-4. Calculations of algae adsorption isotherms at temperature l0°C. 
C/Co Average Concentration Algal X/m 
Co= 82.44 Percentage of Algal Cells Removal in m =alum 
mg/1 Removal of in mg/1 as mg/1 as Dosage in 
Algae VSS VSS (X) mg/1 
: 
Alum Dosage 20 mg/1 
0. 1 71.54 8.24 5.89 0.295 
0.2 80.69 16.49 13. 31 0.666 
0.4 83.24 32.98 27.45 1. 373 
0.6 71. 54 49.46 35.38 l. 769 
0.8 63.92 6 5. 95 42. 16 2. 108 
1.0 58. 14 82.44 47.93 2.400 
Alum Dosage 40 mg/1 
0. 1 71. 58 8.24 5. 90 o. 148 
0.2 79.68 16.49 13. 14 0.329 
0.4 85.77 32.98 28.29 0.707 
0.6 84.08 49.46 41. 59 1.040 
0.8 84.17 65.95 55. 51 l. 388 
1.0 83.74 82.44 69.04 l. 726 
Alum Dosage 80 mg/1 
0. 1 81. 09 8.24 6.68 0.084 
0.2 85.29 16.49 14.06 o. 176 
0.4 88.45 32.98 29. 17 0.365 
0.6 91. 60 49.46 45.31 0.566 
0.8 93. 17 65.95 61.45 0.768 
1. 0 94. 12 82~44 77.59 0.970 
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Table B-5. Calculations of algae adsorption isotherms at temperature 20oc. 
C/Co Average Concentration Algal X/m 
Co= 86. 9 Percentage of Algal Cells Removal in m = alum 
mg/1 of Algal in mg/1 as mg/1 as Dosage in 
R Pmovr~l vss VSS (X) mg/1 
Alum Dosage (m) = 20 mg/1 
0. 1 75.61 8.69 6.5 7 0. 328 
0.2 74.0 17.38 12.86 0. 643 
0.4 64.43 34.76 22.40 l. 120 
0.6 56.64 52. 14 29.53 1. 480 
0.8 49.19 69.52 34.20 l. 710 
l.O 41. 06 86.90 35.68 l. 784 
Alum Dosage (m) = 40 mg/1 
0. 1 84.5 8.69 7.34 0. 184 
0.2 86.61 17.38 15. 05 0.376 
0.4 88.53 34.76 30.77 0.769 
0.6 85.80 52. 14 44.74 1. 119 
0.8 86.5 69.52 6 0. 13 1. 503 
1. 0 84.5 86.90 73.43 1. 835 
Alum Dosage (m) = 80 mg/1 
0. 1 81. 06 8.69 7.04 0.088 
0.2 86.75 17.38 15. 08 0. 189 
0.4 90.53 34.76 31.47 0.393 
0.6 92.43 52. 14 48.19 0.602 
0.8 93.37 69.52 64.91 0. 811 
1.0 93.56 86.90 81.30 1. 016 
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Table B-6. Calculations of algae adsorption isotherms at temperature 35°C. 
C/Co Average Concentration Algal X/m 
Co= 80. 08 Percentage of Algal Cells Removal in m =Alum 
mg/1 Removal of in mg/1 as mg/1 as Dosage in 
Algae vss VSS (X) mg/1 
Alum Dosage 20 mg/1 
0. 1 47.26 8. 01 3.79 0. 190 
0.2 60.09 16.02 9. 61 0.481 
0.4 63.59 32.04 20.34 1. 019 
0.6 50.47 48.03 24.24 1. 212 
0.8 35.00 64.04 22.41 1. 121 
1. 0 28.89 80.05 23. 13 1. 156 
Alum Dosage 40 mg/1 
0. 1 62.97 8. 01 5.04 0. 126 
0.2 70.80 16.02 11. 34 0.284 
0.4 7 5. 16 32.04 24.08 0.602 
0.6 75.37 48.03 36.07 0.902 
0.8 78.76 64.04 50.44 1. 261 
1. 0 83.49 80.05 66.83 1. 671 
Alum Dosage 80 mg/1 
o. 1 72.89 8.01 5.84 0.073 
0.2 78.89 16. 02 12.64 0. 158 
0.4 81. 11 32.04 25.99 0.325 
0.6 80.37 48.03 38.60 0.483 
0.8 82.78 64.04 53. 01 0.663 
1.0 84.67 80.05 67.78 0.847 
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APPENDIXC 
RESULTS OF ALGAE COAGULATION FROM 
LOGAN WASTEWATER STABILIZATION PONDS 
Table C-1. Determination of coagulant dosage levels. 
Alum Dosage Percentage of Percentage of 
mg/1 Replication Algae Removal Turb. Removal 
Replicant (1) 
100 
R2 
200 
R1 
R2 
300 
R1 
R2 
400 
R1 
R2 
500 
Rl 
R2 
600 
Rl 
R2 
Initial VSS 118 mg/1 
Initial Turbidity = 32 FTU 
-3. 13 -25.00 
-6.25 -12.00 
28. 13 18.75 
18.75 9.38 
62.50 62.50 
59.38 56.25 
81. 25 89.06 
81.25 86.25 
84.38 90.63 
84.38 88.44 
90.63 95.00 
90.63 90. 63 
0 Temperature 20 C 
Initial pH = 8. 15 
83 
pH 
7.55 
7.55 
7.05 
7.00 
6.75 
6.75 
6.55 
6.50 
6.45 
6.40 
6.00 
6.00 
Table C-2. The percentage removal of algae at different alum dosages and temperatures. 
Alum Dosages Temperature 
mg/1 40°C 30°C 25°C 20°C 10°C 
R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 
100 -14. 15 -10.85 -10. 85 -8.50 -7. 87 -5.47 -6. 00 -3. 13 0 0 
200 12. 5 18. 75 22.29 19. 33 19. 33 23. 33 22. 75 24. 13 46. 88 50.00 
300 41. 50 39.75 51. 61 54. 84 55. 33 58. 00 59. 38 62. 5 81. 25 81. 25 
400 57.66 54.84 69.36 67.74 76. 33 77. 00 81. 25 81. 25 88. 85 86. 15 
500 70. 17 67.33 77. 27 75.25 83. 33 86. 33 86. 00 82.76 91. 83 R9.43 
600 86.00 82.75 87. l 0 88. 32 86.66 90. 00 90.63 90.63 96. 88 93.75 
Table C-3. The percentage removal of algae at different settling times and temperatures. 
Settling Temperature 
Time 40°C 30°C 25°C 20°C 10°C 
Min. Rl R2 R1 R2 Rl R2 Rl R2 Rl R2 
5 4?.95 41.45 58. 14 62.79 65.22 65.22 68. 14 66.74 85.45 88.47 
10 41.79 40.83 58.52 56.82 66.57 66.04 68.44 71. 74 89. 13 86.96 
20 39. 13 40.83 55. 14 54. 16 65.22 63.04 73.29 70.89 91. 30 91. 30 
40 ··29. 59 28.85 51. 00 46.69 68.74 66.04 74.07 76.09 91. 30 91.30 
60 20.57 19.87 39.53 34.88 60.57 61. 17 78.07 77.74 91. 30 91.30 
90 13. 04 -4.35 17. 28 13. 04 59.67 62.07 79.98 78. 16 91. 30 91. 30 
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Table C-4. The percentage removal of algae at different paddle speeds and temperatures. 
I 
Temperature 
Paddle 
40°C 30°C 25°C 20°C 10°C Speed 
(EPM) R1 R2 Rl R2 Rl R2 R1 R2 R1 R2 
10 --70.46 -65.90 -37.20 -27.80 0. 00 0.00 52. 07 49.43 79. 17 81. 25 
20 -24.86 -20.60 40.48 37.78 56. 38 57.90 70.83 70.83 79. 17 SOAn 
30 24. 19 21. rn 45.43 50.22 57. 14 61.90 76.70 73. 33 83. 33 83. 33 
40 50. 00 54. 55 50.83 53. 52 58. l4 (,0, 9 75.00 75. 00 79. 17 83.33 
50 45.45 45.45 ,-.o. a· 60.87 55.b2 53. <)() 62. 50 66.67 79. 17 7ll. 17 
I 
60 - 33. 63 -39.1l9 -+9.83 so. 17 52. CJ3 51. 83 ()2, 50 58. 33 83.33 79. 17 
Table C-5. The percentage removal of algae at different flocculation times and temperatures. 
Flocculation Temperature 
Tirne 40°C 30°C 25°C 20°C l0°C 
Min. Rl R2 Rl R2 Rl R2 Rl R2 Rl R2 
I 
:l 
-112.9 -87. 10 -29.03 -106.4 0 0 70. 19 68.52 81. 25 81. 25 
10 38.71 38. 71 44.84 39.03 48. 13 44.87 70.74 74.42 81. 25 84.38 
I 
20 48.58 44.98 63.74 58.84 61.40 58. 61 79. 95, 71. 35 78. 13 81. 25 
30 50.39 46.39 57.06 55.84 65.22 62.78 76.74 75.64 81. 25 81. 25 
40 49.59 47. 19 69.54 65.94 63. 31 61. 70 75. 97 73.65 81. 25 81.25 
{)0 45.39 44.94 61. 29 58.06 63.39 59. 61 67.74 70.67 81. 25 81. 25 
I 
85 

APPENDIXD 
RESULTS OF THE REMOVAL OF ALGAE, TURBIDITY, 
TOTAL ORGANIC CARBON, AND TOTAL PHOSPHORUS 
Table D-1. Percentage removal of algae, turbidity, total organic carbon, and total phosphorus at 10°C. 
I 
Percent- Percent- Percent- Percent-
Alum Repli- age Re- age R e- age Re- age Re-
Dosage cations pH moval of moval of moval of moval of 
mg/1 Algae Turbidity TOC Total 
Phosphoru 
Rl 8. 15 34.09 37.00 30.60 30.68 
100 
R2 7. 95 34.09 33.00 35.38 40.31 
R1 7.70 81. 82 83.00 74.87 89.44 
200 
R2 7.55 79.55 83.00 75.38 84. 16 
Rl 7.45 93. 18 97.30 91.62 95.65 
300 
R2 7.35 93. 18 96.50 89.40 94.66 
Rl 7.20 95.45 98.4 90.60 93.91 
400 
R2 7.20 95.45 97.5 91.45 96. 15 
Rl 6.90 96.59 95.70 88.55 93.54 
500 
R2 6.90 96.59 96.8 88.72 93.54 
Rl 6.35 97.73 95.20 88.03 93.54 
600 
R2 6.20 97.73 95.00 85. 13 98. 14 
Initial pH= 9. 05 Temperature 1 0°C 
s 
Initial Turbidity = 100 FTU 
Initial VSS = 152. 2 mg/1 
Initial Total Organic Carbon= 
Initial Total Phosphorus = 1. 61 mg/l 
Initial Orthophosphate= 0. 373 mg/1 
58. 5 mg/1 
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Table D-2. Percentage removal of algae, turbidity, total organic carbon, and total phosphorus at 20°C. 
Percent-
Alum Repli- age Re-
Dosage cations pH moval of 
mg/1 Algae 
Rl 8.85 2. 38 
100 
R2 8.65 4.76 
Rl 8. 15 23. 81 
200 
R2 7. 95 23. 81 
Rl 7.60 66.67 
300 
R2 7.45 61. 90 
Rl 7.25 80.95 
400 
R2 7.20 73.81 
Rl 7.00 85.71 
500 
R2 6. 95 85.71 
Rl 6.65 90.45 
600 
R2 6. 65 88. 10 
Initial pH = 9. 40 
Initial Turbidity= l 00 FTU 
Initial VSS = 14 7. 2 mg/1 
Percent-
age Re-
moval of 
Turbidity 
5. 0 
12. 0 
27.0 
28.0 
70. 0 
6 7. 0 
83.00 
76. 00 
87.00 
92.00 
92.00 
93.00 
Initial Total Organic Carbon= 51. 5 mg/1 
Temperature = 20°C 
Total Phosphorus = 2. 604 mg/1 
Initial 0 rthopho sphate = 0. 5 86 mg I 1 
88 
Percent- Percent-
age Re- age Re-
moval of moval of 
TOC Total 
Phosphoru 
2.38 47.87 
6.54 60.50 
23.88 79. 17 
27.86 78.25 
5 ~. 46 88.80 
43.69 85.93 
57. 18 94. 10 
54.08 88.50 
67.96 94.09 
81. 17 96.89 
74.17 92.34 
77.67 96.89 
s 
Table D-3. Percentage removal of algae, turbidity, total organic carbon, and total phosphorus at 40°C. 
Alum Repli-
Dosage cations pH 
mg/1 
Rl 8. 05 
100 
R2 
8. 10 
Rl 7.60 
200 
R2 7.80 
R1 7.30 
300 
R2 7.40 
R1 7. 1 0 
400 
Rz 7. 10 
Rl 6.85 
500 
Rz 
6.90 
Rl 6.60 
600 
R2 
6.55 
Initial pH = 9. 2 
Initial Turbidity = 87 FTU 
Initial VSS = 125 mg/1 
Percent- Percent-
age Re- age Re-
moval of moval of 
Algae Turbidity 
l. 76 7. 02 
-8.6 -2.8 
13. 33 13. j_ 8 
13. 33 13. 18 
40.46 26. 14 
48.42 31. 86 
55.56 43.86 
61. 10 49. 12 
75. 00 68.42 
63.89 50.88 
80. 56 71. 93 
83. 33 78.95 
Initial Total Organic Carbon= 53. 7 mg/1 
Temperature = 40°C 
Total phosphorus = 1. 807 mg/1 
Initial Orthophosphate= 0. 413 mg/1 
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Percent- Percent-
age Re- age Re-
moval of moval of 
TOC Total 
Phosphoru 
-10.74 23.69 
-10.74 15.72 
36.4 61. 15 
16. 7 54.01 
:. 9. 7 61. 25 
34.26 67.79 
43.75 77.7 
51. 03 84.98 
62.59 96.79 
61. 03 96.88 
70.45 95.6 
76.45 97.01 
s 

APPENDIX E 
STATISTICAL ANALYSIS OF VARIANCE AND 
STEP-WISE MULTIPLE REGRESSIONS 
Table E-1. Analysis of variance of the main variables (algae-experimental design). 
Source of Deri:-ees of 1'v1 ean F-Rati.o L") 
Variation Freedom Square 
Total 485 671. 599 24.92 
Replications 1 56.700 2. 10 
Treatments 242 1318.790 48.94 
Temperature (.A) 2 31727.362 1177.31 
Paddle Speed (B) 2 2506.707 93.02 
Flocculation 
Time (C) 2 3755.441 139.35 
Settling Time (D) 2 197.677 7.34 
Alum Dosage (E) 2 96665.550 3586.98 
Error 242 26.949 -
x Insignificant 
==!< Significant at 95 percent confidence 
==:' >!< Significant at 99 percent co·nfidence 
91 
Signifi-
cance 
X 
>::: >!~ 
:::~ ,,, 
'I' 
==:~ :::<: 
,,, ,,, 
'I' ,,, 
~:~ >!< 
,,, ,,, 
'I' 'I' 
Table E-2. Analysis of variance of first order interactions (algae-experimental design). 
Source of Degrees of Mean 
Variation Freedom Square 
A*B 4 418.509 
A~' C 4 382.617 
A~:< D 4 727.920 
A ~:c E 4 4883.526 
B >!< C 4 658.895 
B ':< D 4 18.677 
B ~:< E 4 29.296 
C ':' D 4 58.400 
C ':< E 4 1586.971 
D ':' E 4 119.472 
Error 242 26.949 
X Insignificant 
Significant at 95 percent confidence 
Significant at 99 percent confidence 
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F-Ratio 
15. 53 
14. 20 
27.01 
181.21 
24.45 
o. 69 
l. 09 
2. 17 
58.89 
4.43 
Signifi-
cance 
,,, ,,, 
,,, ,,, 
,,, :::;: ,,, 
::::: ,,, ,,, 
,,, ,,, 
'I' ,,, 
,,, ~!< 'I' 
X 
X 
X 
,,, ,,, 
'I' 'I' 
,,, ,,, 
'f" 'f" 
Table E-3. Analysis of variance of second order interactions (algae-experimental design). 
Source o£ Degrees o£ lvlcan 
Variation Freedom Square 
A ::::: B ,I, c 8 166.265 'I' 
A* B ~:~ D 8 101.962 
A ,I, B ~:~ E 8 135.345 'I' 
A ~:~ c ~:~ D 8 24.940 
A ~:~ c ~:~ E 8 374.760 
A~:~n~:~E 8 112.720 
B ,,, c ~:~ D 8 60.382 'I' 
B .), c ~:~ E 8 50.955 'I' 
B ,,, D ~:' E 8 33.047 'I' 
c ~:~ D ~:~ E 8 56.791 
Error 242 26.949 
X Insignificant 
.. l ..... , ... 
'f"' .... .... 
Significant at 95 percent confidence 
Significant at 99 percent confidence 
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F-Ratio 
6. 17 
3.78 
5.02 
0.93 
13. 91 
4. 18 
2.24 
1. 89 
1. 23 
2. 11 
-
Signifi-
cance 
,,, ,1, 
'I' 'I' 
~::: :::!::: 
,I, ,,, 
'I' 'I' 
X 
::::: :::.: 
:::;: :>!<= 
,,, 
'I' 
X 
X 
,,, 
'I' 
Table E-4. Analysis of variance of third and fourth order interactions (algae-experimental design). 
Source of Degrees of Mean F-Ratio Signifi-
Variation Freedom Square cance 
A~!<B*C*D 16 30.521 1. 13 X 
A~!<B~!<C ~:< E 16 70.702 2.62 ::::~ -·-,,, 
I 
A~<B~!<D,!<E 16 29.841 1. 11 X 
A~<C*D~<E 16 54.546 2.02 -·-,,, 
B *C':<D~!<E 16 63.486 2. 36 -·- ..,_ 'I' ,,, 
A'!<B~<C ':<D*E 32 30.680 1. 14 X 
Error 242 26.949 
-j 
x Insignificant 
'!< Significant at 95 percent confidence 
* ~< Significant at 99 percent confidence 
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Table E-5. Step-wise multiple regression analysis for algal removal vs. temperature, alum dosage, paddle speed, floccula-
tion time, and settling time (experimental design). 
. .. ___ 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coefficient Variable 
Coefficient 
Model No. 1 RSQ = 0. 718 
Total 485 672. 19 bo 56. 19 
Tempera-
ture (A) 1 63881. 57 332.94 b1 -1. 12 
Paddle Speed 
(B) 1 3936. 54 20.51 b2 - . 23 
Flocculation 
Time (C) 1 6292.95 32.79 b3 0.29 
Settling 
Time (D) 1 278. 94 1. 45 b4 0.030 
Alum Dosage 
(E) 1 159809.79 832.90 b5 0.73 
Error 480 1 91. 87 
Model No. 2 RSQ = 0. 717 
Total 485 672. 19 bo 57.61 
A 1 63881. 55 332.62 b -1. 12 
B 1 3936.51 20.497 b1 
-
. 23 
c 1 6292.96 32.77 b2 . 29 
E 1 159753.93 831. 82 b3 .73 
Error 481 192.05 5 
Model No. 3 RSQ = 0. 705 
Total 485 672. 19 bo 50.02 
A 1 63881.49 319.69 b1 -1. 12 
c 1 6292.99 31.49 b3 0.29 
E 1 159578.74 798.60 b5 0.73 
Error 482 199.82 
Model No. 4 RSQ = 0. 685 
Total 485 6 7 2. 19 bo 56.75 
A 1 63881. 51 300.71 bl -1. 12 
E 1 159634.86 751.45 b5 0.73 
Error 483 212.44 
Model No. 5 RSQ = 0. 489 
· Total 485 672. 19 bo 32.58 
E 1 159526.62 463.76 b1 0.73 
Error 484 343.98 
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Table E-6. Analysis of variance of the effect of temperature, alum dosage, and algal concentration on algal removal 
(experimental design). 
Source of Degrees of Mean F-Ratio Signifi-
Variation Freedom Square cance 
Total 107 244.212 11.930 -·- -·-'I' 'I' 
Replications 1 15.473 0.756 X 
Treatments 53 272.275 23.077 -·- -·-'I' 'I' 
II 
Temperature A 2 
II 
1839. 31 89.876 ,,, ,,, 'I' 'I' 
Alum Dosage E 2 7015.787 342.819 -·- i;:~ ,,, 
Algal c·oncentratiol 
(G) 5 193.397 9.450 ::!< ::::: 
A -·- E 4 297.990 14.560 ,,, ,,,. .. ,, 'I' 'I' 
A .... G 10 41. 958 2.05 .. ,, X 
E ,,,. G 10 417.018 20.377 , ... ,,,. 'I' 'I' 'I' 
A .... E . ... G 20 28.583 1. 397 .. ,, .,, X 
Error 53 20.465 
*>:' Significant at 99 percent confidence 
x Insignificant 
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Table E-7. Step-wise multiple regression analysis for algal removal vs. temperature, alum dosage, and algal concentration 
(experiment design-linear model). 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coefficient Variable 
Coefficient 
Model No. 1 RSQ = 0. 5537 
Total 107 244.65 bo 70.35 
Tempera-
ture 1 3328.69 29. 63;:(;:( b 
-· .54 
Alum 1 
Dosage 1 11009.79 9 8. 0 0 ;:( ;:( b2 . 40 
Algal 
Concen. 3 156.51 l. 39x b . 45 
Error 104 112. 34 3 
Model No. 2 RSQ = 0. 5477 
----
Total 107 244.65 bo 68.39 
Tempera-
ture 1 3328.68 29. 52;:(~:( bl - .54 
Alum 
Dosage 1 11009.79 9 7 . 6 4 ;:( ):( b2 . 40 
Error 105 112.76 
Model No. 3 RSQ = 0. 4205 
Total 107 244.65 bo 56.69 
Alum 
Dosage 1 11009.79 7 6. 94~:( ~:( b2 0.40 
Error 106 143.09 
~:~*Significant at 99 percent confidence. 
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Table E-8. Step-wise multiple regression analysis for algal removal vs. temperature, alum dosage, and algal concentration 
(experimental design-logarithmic model). 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coefficient Variable 
Coefficient 
Model No. 1 RSQ = 0. 495 
Total 107 0.066 bo 4.26 
Tempera-
ture 1 0.842 24. ss~:~~:~ b1 - . 86 
Alum 
Dosage 1 2. 507 7 3. os~:~>:~ b2 . 6 1 
Algal 
Concen. 1 o. 142 4. 15>:~ b3 - . 14 
Error 104 . 0343 
Model No. 2 RSQ = 0. 474 
Total 107 . 660 bo 4.20 
Tempera-
ture 1 . 843 23. 835~:<~:< b1 - . 86 
Alum 
Dosage 1 2.507 7 o. 92*~:< b2 . 6 1 
Error 105 . 0354 
Model No. 3 RSQ = 0. 355 
Total 107 . 0660 bo 4.01 
Alum 
Dosage 1 2. 507 58. 35~:<>:< b2 0.61 
Error 1 0.0430 
* )~ Significant at level of 99 percent confidence. 
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Table E-9. Step-wise multiple regression analysis for algal removal vs. temperature, alum dosage, and algal concentration 
(experimental design-multi-variable model). 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coefficient Variable 
Coefficient 
Model No. 1 RSQ = 0. 811 
Total 107 244.65 bo 44. 59~:< 
Alum Dos-
age (E) 2 1 3444.57 65.74 b1 l. 62 Algal Con. 
(G2) 1 2938.93 56.09 b2 - .0042 
Tempera-
ture 2 (A 2) 1 3491. 99 66.65 b3 - . 0120 E2 1 3239. 07 61. 82 b4 - . 0145 
E ~:< G 1 280 l. 36 53.47 b5 . 711 
Error 102 52.39 
Model No. 2 RSQ = 0. 689 
Total 107 244.65 bo 35.69 
E 1 5086.36 64.32 b1 l. 926 G2 1 291. 53 3.69 b2 - . 0007 A2 1 3491. 99 44. 16 b3 - . 01195 E2 1 3239.07 40. 96 b4 - . 01478 
Error 103 79.08 
Model No. 3 RSQ = 0. 678 
Total 107 244.65 bo 33.99 
E 1 5086.36 62.69 b1 1.925 A2 1 3491. 92 43.04 b2 - . 0119 E2 1 3239.07 39.93 b3 - . 0148 
Error 104 81. 125 
Model No. 4 RSQ = 0. 421 
Total 107 244.65 bo 56.69 
E 1 11009.79 76.94 b1 0.40 
Error 106 143.095 
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Table E-1 0. Analysis of variance of the effect of temperature and alum dosage on algal removal of Logan wastewater 
stabilization pond. 
Source of Degrees of Mean F-Ratio Signifi-
Variation Freedom Square cance 
I Total 59 1252.545 332.86 
~plications 1 3.356 0.89 ~ ---eatments 29 2544.402 676. 16 
-----------·- ----- ----- --- - -----------
~ 
Temperature 4 1013.039 26 9. 21 -·- ,,, 
-I 
.,, .,, 
1--- ------ --~-
Alum Dosage 5 13727.009 3647.89 :;!:: 
_,_ 
.,, 
Temperature and 
I 
Alum Dosage 20 55.024 14.62 ,,, :::r::: .,, 
Error 29 3.763 
x Insignificant 
~:~ Significant at 95 percent confidence 
~:~~:~ Significant at 99 percent confidence 
Table E-11. Analysis of variance of the effect of temperature and settling time on algal removal of Logan wastewater 
stabilization ponds. 
Source of Degrees of Mean 
Variation Freedom Square 
Total 59 549.963 
Replications 1 21. 588 
Treatments 29 1110.797 
Temperature (T) 4 6660. 100 
Settling Time (ST) 5 341. 11 
T 
* 
ST 20 193.358 
Error 29 7.350 
x Insignificant 
* Significant at 95 percent confidence 
~:~~:~ Significant at 99 percent confidence 
100 
.w ... 
·-----
F-R.atio Signifi-
cance 
74.82 
2.93 X 
151. 02 ,,, ,,, .,, .,, 
906. 14 ,,, ,,, . ,, .... 
46.41 ,,, ,,, .,, .,, 
26. 31 -·- '" .,, 'I' 
Table E-12. Analysis of variance of the effect of temperature and flocculation time on algal removal of Logan wastewater 
stabilization pond. 
------- -----------······--------------~-- ----------------- .. - -- ---- ----- -- . ----
Source of Degrees of Mean F-Ratio Signifi-
Variation Freedom Square cance 
Total 59 1725.89 15.08 
Replications 1 150. 38 l. 31 X 
Treabnents 29 3391.73 29.65 .I, ,I, .,, 'I' 
Temperature (T) 4 7458.64 65.21 -~·--=-1 ...... .. .... 
Flocculation Time 
(FT) 5 7558.21 66.08 ,I, -·-,,, ,,, 
T ~:~ FT 20 1536.72 13.44 ,,, ,,, ,,, ,,, 
Error 29 114. 38 
x Insignificant 
~:~ Significant at 95 percent confidence 
~:~~:~ Significant at 99 percent confidence 
Table E-13., Analysis of variance of the effect of temperature and paddle speed on algal removal of Logan wastew!lter 
stabilization pond. 
------------
__ .. __ - -· ··--------- ---- ---- --- -- --- ---------~-------- ____________ ..__ --
--
---------- .. ------
----·-·· 
. - ---------
. ----·--·--· ------- ·: ______ . 
~-
---------
Source of Degrees of Mean F-R.atio Signifi-
Variation Freedom Square cance 
Total 59 1512. 05 257.58 
R.eplications 1 8.86 l. 50 X ~ 
Treatments 29 3070.08 523.01 -·- -·-,,, 'I' 
Temperature (T} 4 11814.05 2012.61 -·- ,,, ,,, ,,, 
Paddle Speed 
(PS) 5 4605.41 784.57 -·- -·-'f" 'I' 
_,._,--......,, __ ,~-
T ,,, PS 20 937.45 159.70 ,,, ,I, ,,, 'I' 'I' 
Error 29 5. 87 
---
--
x Insignificant 
~:~ Significant at 95 percent confidence 
~:~~~ Significant at 99 percent confidence 
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Table E-14. Step-wise multiple regression analysis for algal removal vs. temperature and alum dosage (Logan pond). 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coefficient Variable 
Coefficient 
Model No. 1 RSQ = 0. 897 
Total 59 1252. 54 bo 8.02 
Tempera-
ture 1 3989.02 29. 86,:~,:~ b1 -0.82 
Alum 
Dosage 1 62303.08 466.78 b2 1. 89 
Error 57 133.475 
Model No. 2 RSQ = 0. 843 
Total 59 1252. 54 bo -12.36 
Alum 
Dosage 1 62303.08 3 11. 59':~,:~ b2 1. 89 
Error 58 199. 95 
............... Significant at 99 percent confidence . .... , ........ , ... 
Table E-15. Step-wise multiple regression analysis for algal removal vs. temperature and settling time (Logan pond). 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coefficient Variable 
Coefficient 
Model No. 1 RSQ = 0. 855 
Total 59 549.96 bo 119.25 
Tempera-
ture 1 26011.92 315.60*~~ b1 -2.08 
Settling 
Time 1 1626.52 19. 73'!~* b2 -0. 18 
Error 57 82.42 
Model No. 2 RSQ = 0. 805 
Total 59 549.96 bo 112.81 
Tempera-
ture 1 26123.40 239. 57':<'~ b1 -2.09 
Error 58 109.04 
':; ........... 
,.._ ... , ... Significant at 99 percent confidence. 
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Table E-16. Step-wise multiple regression analysis for algal removal vs. temperature and paddle speed (Logan pond). 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coefficient Variable 
Coefficient 
Model No. 1 R.SQ = 0. 642 
Total 59 1512.05 bo 19.00 
Tempera-
ture (A) 1 20137.69 34. 03):():( b 11. 02 
A2 1 16694.86 28. 21):():( bl - .64 
A3 1 9406.58 15. 90):~):( b3 .79 
Paddle 5 
4 
Speed (B5) 1 8507.33 1 4. 3 8 ):( ):( b6 - . 13 
AB 1 13974. 83 23. 62):():( b9 .50 
Error 54 5 91. 66 
Model No. 2 RSQ = 0. 476 
----
Total 59 1512.06 bo 18. 91 
A 1 20591. 3 2 4. 6 6 ):( ):( bl 10.88 
A2 1 7265. 12 8. 70):():~ 0 0.68 
A3 1 13186.89 15. 79):~):( 4 -0.56 b 
Error 56 835. 17 3 
-
..,r,,r ... Significant at 99 percent confidence . ... , ....... , .... 
Table E-17. Step-wise multiple regression analysis for algal removal vs. temperature and flocculation time (Logan pond). 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coefficient Variable 
Coefficient 
·-----------~-
-----·---
Model No. 1 RSQ = 0. 500 
Total 59 1725.89 b 25.79 
Tempera·· 0 
ture (A) 1 18438.81 1 8. 8 1 ):~ ):( b1 10.49 
A2 1 15265.41 15. 57):o:~ b3 - . 6 1 
A3 
5 1 9384.26 
9. 57):():~ b4 .78 
Floc. Time 1 9834.90 1 o. 03):o:( b6 - . 33 
AC 1 18678.56 19. 05):,):( b9 . 55 
Error 54 980.33 
Model No. 2 RSQ = 0. 220 
Total 59 1725.89 bo 33. 81 
A 1 18106.48 12. 99):~~:( bl 4.23 A2 1 22122. 11 1 5 . 8 8 ~:():( b3 - . 12 
Error 57 1393.39 
.Model No. 3 RSQ = 
Total 59 1725.89 bo 60.72 
A2 1 4297.6 2.56x b3 - . 18 
Error 58 1681. 55 ~~~--
X Insignificant .. .~ .......... Significant at 99 percent confidence . ... , ...... , ... 
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Table E-18. Analysis of variance of the effect of alum dosage and temperature on algae removal of Logan wastewater 
stabilization pond. 
-
-
Source of Degrees of Mean F-Ratio Signifi-
Variation Freedom Square cance 
Total 35 1122.00 94.940 ,,, ,,, ,,, 'I' 
Replications 1 10. 37 0.877 X 
Treatments 17 2297.59 194.381 ,I, ,,, 'I' ,,, 
Temperature A 2 4699. 93 397.625 ,,, ,,, 'I' 'I' 
Alum Dosage E 5 5487.35 464.240 ,,, ,,, 'I' 'I' 
A ,,, E 10 222.23 18.80 -·- -·-'I' 'I' 'I' 
-·-·-----~ 
Error 17 11. 82 
~:,~:' Significant at 99 per cent confidence 
x Insignificant 
Table E-19. Analysis of variance of the effect of alum dosage and temperature on turbidity removal of Logan wastewater 
stabilization pond. 
Source of Degrees of Mean F-Ratio Signifi-
Variation Freedom Square cance 
Total 35 1123.84 57.860 ,,_. -·-'I' 'I' 
Replications 1 2. 88 o. 148 X 
Treatments 17 2294.20 118. 136 ,,_. -·-'I' 'I' 
Temperature (A) 2 6455.27 332.33 -·- ,,, 'I' 'I' 
Alum Dosage (E) 5 4600.28 236.82 ,,, ,r, 'I' 'I' 
A ~::: E 10 308.95 15.906 ,,, ':< '&' 
Error 17 19.42 -·- -·-'I' '&' 
~:o~ Significant at 99 percent confidence 
x Insignificant 
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Table E-20. Analysis of variance of the effect of alum dosage and temperature on total organic carbon of Logan waste-
water stabilization pond. 
Source of Degrees of l-.!lean F-R.atio Sianifi-0 
Variation Freedom Square cance 
Total 35 907. 19 6. 109 ,I, ,I, 'I' 'I' 
Replications 1 27.42 0.882 X 
Treatments 17 1835.03 59.000 ,I, ~:< 'I' 
Temperature (A) 2 5034.77 161.990 ~::: >:~ 
-
.A.lum Dosage (E) 5 3822.97 122.925 ,I, ,I, 'I' 'I' 
A ;;::: E 10 20 l. 11 6.467 ,I, ,I, 'I' 'I' 
Error 17 31. 10 
~:~~:~ Significant at 99 percent confidence 
x Insignificant 
Table E-21. Analysis of variance of the effect of alum dosage and temperature on total phosphorus of Logan waste-
water stabilization pond. 
Source of Degrees of Mean 
Variation Freedom Square 
Total 35 529.76 
Replications 1 12.03 
Treatments 17 1073.38 
Temperatures (A) 2 810.92 
Alum Dosage (E) 5 2983.23 
A -~ E 10 'I' 170.94 
Error 17 16.60 
X 
Significant at 99 percent confidence 
Insignificant 
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. . 
F-R.atio Signifi-
cance 
31. 913 ,1, ,,, 'I' 'I' 
0.725 X 
64.65 ,,, ':~ 'I' 
48.85 ,1, ,,, 'I' 'I' 
179.698 ,,, -~ 'I' 'I' 
10.297 ,,, ,,, 'I' 'I' 
Table E-22. Step-wise multiple regression analysis of the algae removal vs. temperature and alum dosage of Logan waste-
water stabilization ponds. 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coeffi-cient Variable 
Coefficient 
Model No. 1 RSQ = 0. 900 
Total 35 1122.07 bo 34.31 
2 
-3 
x1 1 10533.98 83.111 b3 . 93 X 10 
3 
x1 1 6911.83 54.533 b4 -. 12 X 10 
-5 
3 
x2 1 3062.48 24. 162 b7 -.67 X 10 
-2 
x4 1 2654. 39 20.942 b8 
-3 
2 . 15 X 10 
Error 31 126.75 
Model No. 2 RSQ = 0. 676 
Total 35 1122.07 bo 43.3 
x2 -3 1 20039.42 51. 991 b3 .19x10 1 
x3 1 6210.24 16.111 -3 2 b7 -. 46 X 10 
Error 33 385.44 
Model No. 3 RSQ = 0. 518 
Total 35 1122.07 bo 31. 91 
x2 -3 1 20342.49 36.537 b3 • 19 X 10 l 
Error 34 556.76 
x1 = Alum dosage mg/1 
x2 = Temperature 
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Table E-23. Step-wise multiple regression analysis of the turbidity vs. temperature and alum dosage of Logan wastewater 
stabilization ponds. 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coefficient Variable 
Coefficient 
Model No. 1 RSQ = 0. 896 
Total 35 1123.71 bo 26.46 
x1 1 8223. 94 64.463 b1 . 26 
x2 1 12479.64 97.821 b2 -1.49 
3 
x1 1 1868. 07 14.643 b4 -. 27 X 10 
-6 
Error 32 127.58 
Model No. 2 RSQ = 0. 849 
Total 35 1123 0 71 bo 46.33 
xi 1 20906.79 115.944 b1 . 14 
x2 1 12479.64 69.209 b2 -1.49 
Error 33 180.32 
Model No. 3 RSQ = 0. 532 
Total 35 1123.71 bo 11. 51 
xl 1 20906.79 38.584 bl 0. 14 
Error 34 541.85 
xl = Alum dosage mg/1 
x2 
0 
= Temperature C 
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Table E-24. Step-wise multiple regression analysis of the total organic carbon vs. temperature and alum dosage of Logan 
wastewater stabilization pond. 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coefficient Variable 
Coefficient 
Model No. 1 RSQ = 0. 857 
Total 35 940.43 bo 38.40 
x1 1 17812. 01 120.794 b1 0. 13 
3 
x2 1 4906. 55 33.274 b7 -. 84 X 10 
-2 
x4 4399.66 29.837 b8 
-3 
2 1 . 19 X 10 
Error 32 147.46 
Model No. 2 RSQ = 0. 723 
Total 35 940.43 bo 19.67 
x1 1 17812. 01 64.465 b1 0. 130 
x3 5985.48 21.663 b7 
-3 
2 1 -. 46 X 10 
Error 33 476.30 
Model No. 3 RSQ = . 541 
Total 35 940.43 bo 8.54 
x1 1 17812.01 40.098 b1 0. 13 
Error 34 444.21 
x1 = Alum Dosage in mg/1 
x2 
0 
= Temperature C 
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Table E-25. Step-wise multiple regression analysis of the total phosphorus vs. temperature and alum dosage of Logan 
wastewater stabilization pond. 
Source of Degrees of Mean F- Variable Value of 
Variable Freedom Square Ratio Coefficient Variable 
Coefficient 
Model No. 1 RSQ = 0. 888 
Total 35 529.78 bo 22.41 
x1 1 3645.95 54.285 b 0. 31 1 
-2 
x1, xz 1 699.87 10.420 b9 . 19 X 10 
2 
x1 1 2736.77 40.748 b3 -. 35 X 10 
-3 
x3 1 1813.69 27.004 b7 
-3 
2 -.52 X 10 
Error 31 67. 16 
Model No. 2 RSQ = 0. 850 
Total 35 529.78 bo 15.54 
x1 1 5333.85 61. 354 b1 0.35 
'3 
xz 1 1609.61 18. 515 b7 -. 24 X 10 
-3 
xz 2736.77 31.48 b3 
-3 
1 1 -.35 X 10 
Error 32 86.94 
Model No. 3 RSQ = 0. 763 
Total 35 529.78 bo 9.77 
x1 1 5333.85 40.081 b1 0.35 
2 
-3 
x1 1 2736.77 20.565 b3 -0.35 X 10 
Error 33 133.08 
Model No. 4 RSQ = 0. 616 
Total 35 529.78 bo 42.40 
xl 1 11413. 86 54.441 b1 0. 10 
Error 34 209.66 
xi = Alum Dosage mg/1 xz = Temperature °C 
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